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Reliable and sensitive characterization assays are important determinants of the successful clinical translation of immunotherapies. For the assessment of cytolytic potential, the chromium 51 (51Cr) release assay has long been considered the gold standard for testing effector cells. However, attaining the approvals to access and use radioactive isotopes is becoming increasingly complex, while technical aspects [i.e. sensitivity, short (4-6 hours) assay duration] may lead to suboptimal performance. This has been the case with our ex vivo expanded, polyclonal (CD4+ and CD8+) multivirus-specific T cell (multiVST) lines, which recognize 5 difficult-to-treat viruses [Adenovirus (AdV), BK virus (BKV), cytomegalovirus (CMV), Epstein Barr virus (EBV), and human herpes virus 6 (HHV6)] and when administered to allogeneic hematopoietic stem cell (HCT) or solid organ transplant (SOT) recipients have been associated with clinical benefit. However, despite mediating potent antiviral effects in vivo, capturing in vitro cytotoxic potential has proven difficult in a traditional 51Cr release assay. Now, in addition to cytotoxicity surrogates, including CD107a and Granzyme B, we report on an alternative, vital dye -based, flow cytometric platform in which superior sensitivity and prolonged effector:target co-culture duration enabled the reliable detection of both CD4- and CD8-mediated in vitro cytolytic activity against viral targets without non-specific effects.
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Introduction

Severe or fatal infections with a broad array of viruses remain a frequent problem for immunocompromised individuals such as recipients of allogeneic hematopoietic stem cell (HCT) or solid organ transplants (SOT) (1, 2). Although treatment with small molecule anti-viral drugs may benefit some individuals, for many viruses they are of limited efficacy, have substantial toxicities and may generate resistant variants (1, 2). An alternative treatment strategy is to adoptively transfer T cells that are specific to viral antigens. Following HCT for example, administration of donor-derived T cells with specificity for viruses including cytomegalovirus (CMV), adenovirus (AdV), and/or Epstein Barr virus (EBV) have all produced frequent and sustained anti-viral and clinical benefits, even for patients suffering from advanced and drug-resistant infections (3, 4). More recently, “off the shelf”, or banked, partially HLA-matched virus-specific T cells (VSTs) have shown promise in treating intractable viral infections in SOT and HCT recipients (5–8).

To maximize patient benefit, our group developed an approach to generate a single preparation of VSTs containing a polyclonal (CD4+ and CD8+) mixture of T cells specific for immunodominant antigens from CMV, AdV, EBV, human herpesvirus 6 (HHV6), and BK virus (BKV) – all viruses that are frequently detected in the post-transplant period. The VSTs were expanded from the memory T cell pool within peripheral blood mononuclear cells (PBMCs) isolated from seropositive donors and were enriched and selectively expanded over a 2-week ex vivo culture period (9). When infused to patients in proof of concept clinical trials, either as individualized donor-specific (4) or “off the shelf” partially HLA-matched products (10) the VST infusions were safe and effective, resulting in virologic and clinical benefit to patients with drug-refractory infections and disease. Based on these promising results the efficacy of this product is now being explored in multiple, randomized, Phase III clinical trials (NCT05179057, NCT05305040, NCT04390113).

Prior to clinical use these multiVSTs are extensively characterized in vitro in order to assess the phenotype, potency/specificity, functional capacity and alloreactive potential of the expanded cells. Our cells are polyclonal (CD4+ and CD8+), selectively upregulate activation markers upon exposure to virus, and produce an array of Th1-polarized cytokines/effector molecules, consistent with effective and protective memory T cells. However, the cytolytic capacity of these memory T cells against viral targets cannot be reliably captured in vitro when assessed in a traditional chromium (51Cr) release assay – despite mediating potent antiviral effects in patients. Thus, the goal of the current study was to interrogate this in vitro phenomenon by exploring both cytotoxicity surrogates and novel cytotoxicity assay platforms to better capture and characterize the cytolytic potential of our effector VSTs.





Materials and methods




Donors and cell lines

Peripheral blood mononuclear cells (PBMCs) were obtained from healthy volunteers with informed consent using a Baylor College of Medicine institutional review board-approved protocol (H-45017) and were used to generate phytohemagglutinin (PHA) blasts and multiVSTs. PHA blasts were generated as previously reported (9) and cultured in T cell medium [45% RPMI 1640 (HyClone Laboratories, Logan, Utah), 45% Click’s medium (Irvine Scientific, Santa Ana, California), 2 mM GlutaMAX TM-I (Life Technologies, Grand Island, New York), and 5% human AB serum (Valley Biomedical, Winchester, Virginia)] supplemented with 100U/ml interleukin 2 [IL2; Proleukin® (aldesleukin), TCH, Houston, TX], which was replenished every 2 days.





Pepmixes

For multiVST generation and functional studies, pepmixes (15mers overlapping by 11aa) spanning AdV (Hexon, Penton), BKV (large T, VP1), CMV (IE1, pp65), EBV (EBNA1, BZLF1, LMP2), and HHV6 (U11, U14, U90) (JPT Peptide Technologies, Berlin, Germany) were synthesized. Lyophilized pepmixes were reconstituted in dimethyl sulfoxide (DMSO) (Sigma-Aldrich) and stored at -80°C.





multiVST generation

To generate research-grade multiVSTs for characterization studies, PBMCs (1.25x107) were transferred in a G-Rex5M (Wilson Wolf Manufacturing Corporation, St. Paul, MN) with 50 ml of VST medium [90% TexMACS™ GMP medium (Miltenyi Biotec, GmbH), 2 mM GlutaMAX, and 10% human AB serum] supplemented with IL7 (20 ng/ml), IL4 (800 U/ml) (R&D Systems, Minneapolis, MN) and pepmixes (2 ng/peptide/ml) and cultured for 14 ± 2 days at 37°C, 5% CO2 prior to cryopreservation. MultiVSTs were cryopreserved in freeze medium [45% RPMI + 45% Fetal Bovine Serum (FBS; Gibco) + 10% DMSO] at a concentration of 1.5-2x107 cells/ml/cryovial. After overnight storage at -80°C in a Mr. Frosty freezing container (Thermo Fisher Scientific), cells were transferred to a liquid nitrogen tank for long-term storage in the vapor phase.





Flow cytometry




Surface immunophenotyping

MultiVSTs were surface-stained with monoclonal antibodies to: CD45RO, CD197 (CCR7), CD279 (PD-1) [Becton Dickinson (BD), Franklin Lakes, NJ], CD3, CD4, CD8, CD16, CD56, CD62L (Beckman Coulter, Brea, CA), and CD366 (TIM-3), CD223 (LAG3) (BioLegend, San Diego, CA). Cells (0.5x106 per tube) were pelleted in phosphate-buffered saline (PBS) (Sigma-Aldrich), then antibodies added in saturating amounts (5 μl) followed by incubation for 15 mins at 4°C. Subsequently, cells were washed, resuspended in 300μl of PBS and at least 50,000 live cells acquired on a Gallios™ Flow Cytometer (Beckman Coulter) and analyzed with Kaluza® Flow Analysis Software (Beckman Coulter).





CD107a degranulation assay

MultiVSTs were harvested, resuspended in VST medium (2x106/ml) and 200μl added per well of a round-bottom 96-well plate. Cells were incubated for 5-6 hrs with 200 ng of antigenic pepmixes pooled per virus along with CD107a, monensin (1 μg/ml), CD28 and CD49d (1 μg/ml) (BD). Next, multiVSTs were washed with PBS, pelleted, and surface-stained with CD3, CD4 and CD8 (5 μl/antibody/tube) for 15mins at 4°C. Subsequently, cells were washed, resuspended in 300 μl of PBS and at least 50,000 live cells acquired on a Gallios™ Flow Cytometer and analyzed with Kaluza® Flow Analysis Software.






Functional studies




Enzyme-linked immunospot

ELISpot analysis was used to quantitate the frequency of IFNγ- and Granzyme B-secreting cells. Briefly, multiVSTs were resuspended at 2x106 cells/ml in VST medium and 100 μl of cells was added to each ELISpot well. Antigen-specific activity was measured after direct stimulation (500 ng/peptide/ml) with the antigenic pepmixes pooled per virus. After 16-18 hours of incubation, plates were developed as previously described (9), dried overnight at room temperature and then quantified using the IRIS ELISpot/FluoroSpot reader (Mabtech, Inc., Cincinnati, OH). Spot-forming cells (SFC) and input cell numbers were plotted. A threshold of ≥50 SFC/2x105 input cells was used as the specificity threshold to confirm activity against individual target viruses but of note not all donors used in these experiments were seropositive for all target viruses.






Cytotoxic potential

Two assays – (i) a chromium release assay and (ii) a vital dye cytotoxicity assay were used to evaluate cytolytic potential.




Chromium release assay

A standard 4-6 hour chromium (51Cr) release assay was used to measure the specific cytolytic activity of bulk multiVSTs or magnetically sorted CD4+ and CD8+ subsets (CD4 and CD8 microbeads and LS columns, Miltenyi Biotec) against autologous AdV, BKV, CMV, EBV, or HHV6 peptide-loaded PHA blasts as targets (20 ng/pepmix/1x106 target cells). Effector : Target (E:T) ratios of 40:1, 20:1, 10:1, and 5:1 were used to analyze specific lysis. The percentage of specific isotope release was calculated as [(experimental release - spontaneous release)/(maximum release - spontaneous release)] x 100. In order to measure the autoreactive and alloreactive potential of VST lines, autologous and allogeneic PHA blasts alone were used as target cells.





Vital dye cytotoxicity assay

Cytotoxicity of bulk multiVSTs or magnetically sorted CD4+ and CD8+ T cell subsets against viral antigen-pulsed and unpulsed PHA blasts was measured with the carboxyfluorescein diacetate succinimidyl ester (CFSE) assay using a published protocol (11–14) with some optimization. In brief, unpulsed autologous PHA blasts were labeled with a high concentration of CFSE (CellTrace™ CFSE Cell Proliferation Kit; Invitrogen, Waltham, MA) (5 µM), while antigen-pulsed (20 ng/pepmix/1x106 target cells) autologous or unpulsed allogeneic PHA blasts were labeled with a low concentration of CFSE (0.5 μM). A tumor-associated antigen (TAA)-derived pepmix (survivin, JPT Peptide Technologies) was used as irrelevant control. Both CFSE-labeled populations were mixed (1:1) and co-cultured with effector cells in a round-bottom 96-well plate at various E:T ratios; each PHA blast population was maintained at 2x104 cells in all ratios. All conditions were plated in duplicates or triplicates. After 16 hrs of incubation, cells were stained with 7-AAD (7-aminoactinomycin D; BD) in order to exclude dead cells. A minimum of 5,000 viable CFSE-labeled target cells were acquired on a Gallios™ Flow Cytometer and analyzed with Kaluza® Flow Analysis Software. In order to assess the reproducibility of the assay, an alternate fluorescent dye (PKH26 Red Fluorescent Cell Linker Midi Kit, Sigma-Aldrich) was used under the exact same experimental conditions. The percentage of specific cytotoxicity was calculated based on the ratio of CFSElow to CFSEhigh viable target cells in the test condition compared to the baseline (no effector cells): Cell lysis (%) = 100 – [100∗ Sample (CFSElow/CFSEhigh)/Baseline(CFSElow/CFSEhigh)].







Results




In vitro phenotypic and functional profiling of multiVSTs

The multiVST manufacturing process entails exposing PBMCs to overlapping peptide libraries spanning 12 immunodominant antigens from our target viruses (Hexon, Penton - AdV, Large T, VP1 - BKV, pp65, IE1 - CMV, EBNA1, LMP2, BZLF1 - EBV, and U11, U14, U90 - HHV6), followed by expansion for approximately 2 weeks in a G-Rex device (Figure 1A). Figure 1 includes representative data illustrating the features of a typical multiVST line, which are similar to our previously published phenotypic data (4, 9, 10). Briefly, the multiVSTs are comprised almost exclusively of CD3+ T cells (92.4%), that are polyclonal (CD8+ - 23%; CD4+ - 74.9%) and express markers consistent with central and effector memory potential (CD45RO+/CD62L+: 47.4%; CD45RO+/CD62L-: 48.3%), with negligible naïve/terminally differentiated/exhausted populations (Figure 1B and Supplementary Figure 1). These cells are potent based on both phenotypic and functional characteristics following viral antigen exposure. For example, they upregulate the degranulation marker CD107a (Figure 1C), and produce Th1-polarized effector cytokines and molecules (IFNγ and Granzyme B, respectively), as shown in Figures 1D, E. Importantly, use of these sensitive detection methods enables assessment of not just multivirus specificity (i.e. functional activity when VSTs are exposed to a mastermix of the target antigens) but also specificity on the individual target virus level as shown in Figures 1D, E (IFNγ SFC/2x105 - AdV:881; BKV:1577; CMV:4383; EBV:2300; HHV6:1189; Granzyme B SFC/2x105 - AdV:348; BKV:520; CMV:1232; EBV:1034; HHV6:524). Thus, multiVSTs have functional activity for each of the target viruses, and based on this testing (and the fact that these cells are derived from the memory pool of individuals with protective immunity) we can infer cytotoxic capacity by measuring surrogates of lytic potential such as CD107a and Granzyme B. However, demonstrating evidence of direct cytolytic activity in vitro has proven challenging using a standard 4-6 hour 51Cr release assay. For example, the multiVSTs from our representative donor show lytic activity (defined as >10% specific lysis at E:T 40:1) against AdV (16% specific lysis) and CMV (41%) but not against BK (0%), EBV (3%) and HHV6 (0%) (Figure 1F), despite evidence that the line includes CD8 and CD4 T cells that are reactive against these 3 viruses, secrete Granzyme B and upregulate the degranulation marker CD107a upon antigen recognition. Supplementary Figure 2 shows similar results for 4 other lines in which all characterization assessments indicate potency against the target viruses, with the exception of the 51Cr release assay.




Figure 1 | In vitro phenotyping and functional profiling of multiVSTs (representative donor). (A) Schematic representation of the manufacturing process of multiVSTs. (B) Surface phenotype of multiVSTs as assessed by flow cytometry. (C) Upregulation of CD107a by CD4+ and CD8+ multiVSTs following stimulation by individual target viruses. Unstimulated control values have been subtracted. (D) IFNγ production by multiVSTs as assessed by ELISpot assay using pooled pepmixes of each individual target virus as a stimulus. Results are expressed as SFC/2x105 input cells; a threshold of 50 SFC/2x105 was set to define specificity. Unstimulated control values have been subtracted. (E) Granzyme B production by multiVSTs as assessed by ELISpot assay using pooled pepmixes of each individual target virus as a stimulus. Results are expressed as SFC/2x105 input cells. Unstimulated control values have been subtracted. (F) Specific cytotoxic activity of multiVSTs against viral antigen-loaded autologous PHA blasts as evaluated in a standard 5-hour 51Cr release assay at 40:1 E:T ratio. The threshold for specific lytic activity against each individual target virus (indicated by the dashed line) was set at 10%.







Investigating an additional cytotoxicity assay for in vitro characterization of multiVSTs

We sought to further explore the basis for the low measurable killing activity of multiVSTs against all target viruses in vitro. These virus-specific T cells are expanded from the polyclonal memory pool of healthy donors and as such are representative of endogenous (and protective) T cell immunity against each of the target viruses. Hence, we surmised that it was unlikely that these cells were physiologically impaired but rather that our findings reflected an in vitro phenomenon related to the sensitivity of the standard 51Cr release assay and/or the characteristics of our VST products, which often have higher CD4+ versus CD8+ T cell content. To investigate whether this was indeed the case we first explored the utility of a potentially more sensitive, longer-term in vitro killing assay based on the use of vital dyes for target labeling and flow cytometry as an assay readout.

For our initial studies target cells were labeled with CFSE, a non-fluorescent vital dye that passively diffuses across the cell membrane and subsequently undergoes esterase cleavage to render cells fluorescent (12, 15, 16). Thus, when fluorescently-labeled target cells are loaded with antigen and co-cultured with effector cells, elimination of fluorescent target cells serves as an indicator of specific lysis that can be evaluated by flow cytometry. In addition, and unlike a traditional 51Cr release assay in which 51Cr itself can induce toxicity or spontaneously diffuse from labeled cells following prolonged (i.e. overnight) incubation (17–19), effector and target co-culture can be extended beyond 6 hours without an increase in non-specific (background) lysis - an important feature given that the kinetics of CD4+ T cell killing are typically slower than those of CD8+ effectors (18–25). Figure 2A shows a schematic representation of the assay design in which target cells (autologous PHA blasts) are first loaded with cognate antigen (or left unpulsed) for 2 hrs. Antigen-expressing and non-expressing targets are then labeled with “low” (0.5 µM) or “high” (5 µM) CFSE concentrations, respectively, mixed 1:1 and co-cultured with effector T cells overnight. Specific lysis is calculated based on the ratio of residual ‘‘low’’ vs ‘‘high’’ targets (detected by flow cytometry) in the test condition (antigen-loaded targets + T cells; bottom right histogram, Figure 2A) compared to the baseline (no T cells; top right histogram, Figure 2A).




Figure 2 | Implementation of a CFSE-based flow cytometric cytotoxicity assay for in vitro characterization of multiVSTs. (A) Schematic representation of the CFSE-based assay for assessment of specific cytolytic activity of effector T cells. Target cells (autologous PHA blasts) are either left unpulsed and labeled with a high (5 µM) CFSE concentration or are antigen-pulsed for 2 hours and labeled with a low (0.5 µM) CFSE concentration. Both CFSE-labeled populations are mixed 1:1 and co-cultured with effector T cells for 16 hours. Following addition of 7-AAD, specific lysis is evaluated by flow cytometry based on the ratio of viable ‘‘low’’ vs ‘‘high’’ targets in the test condition (antigen-loaded targets + T cells; bottom right histogram) compared to the baseline (no T cells; top right histogram). (B) Utilization of the CFSE-based assay to test the cytotoxic capacity of multiVSTs against autologous PHA blasts loaded with a mastermix of target viruses (AdV, BKV, CMV, EBV, HHV6); a representative donor is shown. Top panel – baseline condition (no VSTs). Middle panel – test condition (multiVSTs + mastermix-pulsed targets at 40:1 E:T). Bottom panel – control condition (multiVSTs + irrelevant peptide-pulsed targets at 40:1 E:T). (C) Cytolytic activity of multiVSTs against mastermix-pulsed (blue line) or irrelevant-pulsed (orange line) targets across several E:T ratios as assessed by the CFSE-based assay. Results are shown as mean ± SD (n=3).



To first explore the feasibility of utilizing this CFSE-based cytotoxicity assay to assess the cytolytic potential of multiVSTs we pooled all target antigens. Briefly, as shown in Figure 2B (representative donor), in the absence of effector cells (baseline – top panel) the ratio of CFSE ‘‘low’’ to ‘‘high’’ targets remained unchanged over time. However, in the presence of effector multiVSTs, antigen-loaded targets were selectively lysed (40:1 mastermix-pulsed - middle panel). Importantly, co-culture of effector cells with irrelevant peptide-pulsed autologous targets did not induce specific lysis (40:1 irrelevant-pulsed – bottom panel). These results were reproduced in 2 additional donors across E:T ratios ranging from 40:1 to 5:1, as summarized in Figure 2C.





Optimizing the CFSE platform for assessing cytotoxicity of multiVSTs

Having demonstrated the feasibility of utilizing the CFSE-based cytotoxicity assay we sought to optimize the assay conditions for VSTs by investigating 2 time-related parameters: (i) target antigen-loading time and (ii) E:T co-culture time. Traditionally the CFSE cytotoxicity assay is performed using targets that have been loaded with antigen for 2 hours (11, 13, 14) but we explored whether antigen loading for 1 hour would impact killing activity. As shown in Figure 3A there was no significant difference in effector T cell recognition (n=3). We next performed a time course experiment ranging from 5 hours (as used in the 51Cr release assay) to 48 hours to evaluate the impact of co-culture duration on specific lysis detection. As shown in Figure 3B, specific lysis was detected after 5 hours, but at levels that were substantially lower than all other timepoints (and in fact comparable to those detected in the standard 51Cr release; Supplementary Figure 3A). By extending the co-culture time to 16 hours the magnitude of specific lysis detected was substantially increased (Supplementary Figure 3B) but further gains were not achieved by prolonging incubation times (i.e. the specific lysis was maximally detected at 16 hours; Figure 3B). Based on this optimization work subsequent experiments were performed by loading targets with antigen for 1 hour and performing a 16-hour E:T co-culture; results of cytotoxicity assays from n=12 donors using these parameters are summarized in Figure 3C. Importantly, even with the extension of co-culture times, multiVSTs did not have non-specific activity against control (irrelevant antigen; Figure 3C) or allogeneic (HLA-mismatched; Figure 3D) targets.




Figure 3 | Optimization of the CFSE platform for assessing cytotoxicity of multiVSTs. (A) Impact of target antigen-pulsing time (1 hour vs 2 hours) on the killing activity of multiVSTs at 40:1 E:T following a 16-hour co-culture; results are shown as mean ± SD (n=3). (B) Impact of co-culture duration (5–48 hours) on detection of specific lysis across several E:T ratios; a representative donor is shown. C: Optimal detection of multiVST-mediated lysis of cognate antigen-pulsed targets (n=12) with no non-specific activity against irrelevant antigen-pulsed targets (n=7); results are shown as mean ± SEM. D: MultiVSTs exhibit minimal activity against allogeneic targets (n=12; results are shown as mean ± SEM). (A-C) autologous PHA blasts loaded with a mastermix of target viruses (AdV, BKV, CMV, EBV, HHV6) served as cognate antigen-pulsed targets. (D) HLA-mismatched PHA blasts served as allogeneic targets. (C, D) cytotoxicity was evaluated at 40:1 E:T using the optimized conditions, i.e. following a 1-hour target antigen-pulsing and a 16-hour E:T co-culture. The dashed line represents the threshold for specific lytic activity (>10%). Differences between data sets were analyzed using a 2-tailed Student’s t-test. P-values <0.05 were considered significant. ns, non-significant.



With an optimal set of parameters in place, we evaluated whether implementation of this CFSE-based assay would enable assessment of cytolytic activity against the individual target viruses recognized by multiVSTs. To that end, we pulsed autologous PHA blasts with AdV, BKV, CMV, EBV, or HHV6 antigens, labeled them with CFSE (or 51Cr as a comparator condition) and evaluated specific lysis at 40:1 E:T. As expected, the results from the 5-hour 51Cr release assay were heterogeneous and varied from donor-to-donor, with detection of specific lysis against 0/5 to 3/5 target viruses [mean ± sem: AdV: 8.9% ± 1.9, BKV: 5.4% ± 3.1, CMV: 9.9% ± 4.1, EBV: 13.2% ± 5.3, HHV6: 0.3% ± 0.9; n=7 (Figure 4A); individual donors are shown in Supplementary Figure 4]. In contrast, using the CFSE assay we increased the sensitivity of detection, enabling the measurement of specific lysis for at least 3 to all 5 of the target viruses (AdV: 22.3% ± 2.3, BKV: 15.4% ± 3.4, CMV: 28.4% ± 7.6, EBV: 26.7% ± 7.4, HHV6: 9.3% ± 2.1; n=7). Importantly, both the CFSE and 51Cr assays demonstrated no non-specific killing of allogeneic targets (Figure 4B). Taken together, these data demonstrate the superiority of the CFSE-based assay in the detection of specific cytolytic activity of multiVSTs compared to standard 51Cr release.




Figure 4 | The CFSE-based assay is superior to standard 51Cr release in the detection of specific cytolytic activity of multiVSTs. (A) Assessment of the lytic capacity of multiVSTs against autologous PHA blasts loaded with individual target viruses using either a standard 5-hour 51Cr release assay (grey bars) or the 16-hour CFSE-based assay (red bars). (B) Lack of multiVST-mediated alloreactivity against HLA-mismatched PHA blasts as assessed by either a 5-hour 51Cr release assay (grey bar) or the 16-hour CFSE-based assay (red bar). Results are shown as mean ± SEM (n=7). Cytotoxicity was evaluated at 40:1 E:T. Dashed lines represent the threshold for specific lytic activity (>10%). %). Differences between data sets were analyzed using a 2-tailed Student’s t-test. P-values <0.05 were considered significant. ns, non-significant; *p=0.047; **p=0.002; ***p= 0.0004.







CFSE-based measurement of cytotoxicity allows for successful detection of CD4-mediated specific killing

Thus far we have established that multiVSTs exhibit cytolytic potential and can kill virus-expressing autologous targets but that such killing is not always detectable using the traditional 51Cr release assay. We posited that the high CD4+ T cell content of our multiVSTs, which receive just a single ex vivo stimulation, might contribute to lack of compatibility with the 51Cr release cytotoxicity assay. To specifically address this question, we magnetically sorted CD4+ T cells (Figure 5A) and evaluated their cytotoxic potential utilizing both the 51Cr release and CFSE cytotoxicity assay.




Figure 5 | The CFSE-based assay allows for successful detection of CD4 T cell-mediated specific killing. (A) Purity of the magnetically sorted CD4+ VST fraction as assessed by flow cytometry. (B) Assessment of the lytic capacity of CD4+ multiVSTs against autologous PHA blasts loaded with individual target viruses using either a standard 5-hour 51Cr release assay (grey bars – left panel) or the 16-hour CFSE-based assay (red bars – right panel). A representative donor is shown. Cytotoxicity was evaluated at 40:1 E:T. Dashed lines represent the threshold for specific lytic activity (>10%).



As shown in Figure 5B (left panel), we were unable to demonstrate CD4-mediated specific lysis against any of the viruses in the 5-hour 51Cr release assay. In contrast, by using the CFSE assay such cytolytic potential was readily measurable for CD4+ T cells (AdV: 17.4%, BKV: 15.4%, CMV: 29.3%, EBV: 16.7%, HHV6: 13.4%; Figure 5B-right panel). Similar results were obtained in 3 additional donors in whom CD4-mediated killing against each of the target viruses was consistently detected with the CFSE assay (Supplementary Figure 5), thus illustrating the requirement for prolonged E:T co-culture time and sensitive assessment methods (i.e. flow cytometry) (26–30) when seeking to measure CD4-mediated cytotoxic effects.





The CFSE-based assay is robust and compatible with high-throughput flow cytometric platforms

Having demonstrated the superior sensitivity and high specificity of the CFSE-based assay in assessing specific cytolytic activity of multiVSTs, we wanted to examine the broad applicability of this platform by evaluating compatibility with: (i) fluorescent compounds beyond CFSE and (ii) different instruments. Thus we examined PKH26, a yellow-orange fluorescent dye that binds to lipid regions of the cell membrane and is commonly utilized in cell tracking applications due to its extremely stable fluorescence (16). Similar to our CFSE experimental design we used low (0.3 µμ) and high (3 µμ) concentrations of PKH26 to differentially label target cells, which could be readily distinguished from one another (and from effector T cells) by flow cytometry (Figure 6A - middle panel). The PKH26 and CFSE dyes could also be combined to discriminate antigen-loaded and unloaded targets (Figure 6A - right panel). Importantly, specific cytotoxicity was successfully measured using the alternate dye/combination of dyes, yielding almost identical results to CFSE (Figure 6A - left panel) in all cases (CFSE vs PKH26 vs PKH26/CFSE: 59.84% vs 58% vs 59% at 40:1 E:T; Figure 6A). Figure 6B shows summary results from 3 donors in whom we tested single (either CFSE or PKH26) or dual (CFSE/PKH26) staining of target cells; in all cases cytotoxicity readouts were similar among the different conditions with minimal non-specific cytolytic activity (Figure 6C).




Figure 6 | The CFSE-based assay is robust and compatible with high-throughput flow cytometric platforms. (A) Use of PKH26 (middle panel) or combination of PKH26 and CFSE (right panel) to differentially label antigen pulsed/unpulsed target cells yields identical results to CFSE (left panel). A representative donor is shown. (B) Comparable magnitude of specific cytotoxicity of multiVSTs against single- (either CFSE or PKH26) or dual- (CFSE/PKH26) stained target cells (n=3; mean± SD). (C) MultiVSTs exhibit minimal activity against single- (either CFSE or PKH26) or dual- (CFSE/PKH26) stained allogeneic targets (n=3; mean± SD). (A, B) autologous PHA blasts loaded with a mastermix of target viruses (AdV, BKV, CMV, EBV, HHV6) served as cognate antigen-pulsed targets. (C) HLA-mismatched PHA blasts served as allogeneic targets. Cytotoxicity was evaluated at 40:1 E:T following a 1-hour target antigen-pulsing and a 16-hour E:T co-culture. The dashed line represents the threshold for specific lytic activity (>10%). Differences between data sets were analyzed using a 2-tailed Student’s t-test. P-values <0.05 were considered significant. ns: non-significant.



Finally, we evaluated the compatibility of this vital dye cytotoxicity assay with different instrumentation by comparing the Gallios flow cytometer (an ultra-sensitive, high-speed 4-laser/10 fluorescent color detection system) to the CytoFlex, which is a novel 6-laser/21-color flow cytometry platform with the added potential for high-throughput data acquisition that can be performed in regulated environments (21 CFR part 11-compliant software). Results from a representative donor are shown in Supplementary Figure 6A; as demonstrated, CFSE low/high-labeled target cells were equally well separated and specific killing reliably assessed using either instrument. We repeated this testing in additional donors and reproducibly observed comparable magnitude of specific lysis measured by either system (Supplementary Figure 6B). Of note, the BD Accuri C6 flow cytometer also yielded comparable data (data not shown). Taken together, these results demonstrate the robustness of this vital dye platform, which yields reliable and reproducible measurements using variable fluorescent reagents and/or instrumentation. Notwithstanding the optimization work that may potentially be required (e.g. adjustment of experimental parameters depending on target cell type, assay validation for use in the clinical arena), this vital dye-based system can be broadly applicable in both research and clinical settings.






Discussion

In this study, we explored novel strategies to evaluate the cytolytic potential of effector T cells in vitro. Having demonstrated that a standard 51Cr release assay consistently fails to effectively measure virus-directed lysis of our potent VSTs we subsequently explored an optimized, flow cytometry vital dye-based system in which prolonged E:T co-culture times and superior (flow cytometry-based) sensitivity enabled the detection of in vitro cytotoxic activity against viral targets without non-specific effects. Finally, we demonstrate the broad utility of this vital dye-based system, showing compatibility with different dyes and data capture on multiple flow cytometry instruments that are suitable for both pre-clinical and clinical applications. Though the current work focused on non-gene-modified, virus-specific T cells, the same platform could be applied to test the cytotoxic activity of tumor-specific T cells or tumor-infiltrating lymphocytes (TILs), as well as genetically modified CAR- or TCR-modified T cells.

Our multiVST cell lines, which are generated from healthy seropositive individuals with a single in vitro PBMC stimulation using overlapping peptide libraries spanning immunogenic target antigens, yield polyclonal T cells which contain both CD8+ and CD4+ T cell subsets. Thus, our multiVSTs are enriched for virus-specific T cells that reflect the diverse native (memory) T cell repertoire responsible for protective endogenous immune effects in healthy individuals. To characterize multiVST populations we use an array of techniques to evaluate the memory, activation, Th1-polarization, and polyfunctionality of the induced cells. To evaluate cytolytic capacity, surrogates of cytotoxicity such as upregulation of the degranulation marker CD107a and production of Granzyme B (31, 32), or direct target lysis can be assessed. However, the latter killing capacity of multiVSTs has proven difficult to measure in a traditional in vitro 4-6 hour 51Cr release assay, even though upon infusion to patients these cells have consistently demonstrated potent and direct antiviral effects. We hypothesized that this discrepancy was an in vitro (rather than a physiologic) phenomenon and likely related to the high CD4+ T cell content of our VSTs resulting in delayed killing kinetics that can take up to 72 hours – a timeframe that is incompatible with the traditional 51Cr release assay (18–20, 23, 24). Implementation of the flow cytometric vital dye-based assay, with its enhanced sensitivity and its amenability to prolonged (16 hours) E:T co-culture time, enabled the reliable detection of cytolytic activity of multiVSTs against each of the target viruses. To examine whether this was indeed due to the ability to measure CD4 T cell-mediated killing, we repeated our cytotoxicity testing on sorted CD4+ populations and confirmed that the CFSE-based platform (with its prolonged co-culture time) consistently enabled the measurement of in vitro cytolytic capacity against each target virus, whereas 51Cr release permitted only partial detection of CD4-driven cytotoxicity. Of note, the optimal E:T co-culture timeframe was 16-24 hours, and extending further did not result in enhanced detection.

The pivotal role that CD4+ T cells play in coordinating the different arms of the immune system - from providing B cell help (via cell-cell contact and cytokine support) to promoting effector CD8+ T cell responses and maintaining a functional memory CD8+ T cell pool via cellular interactions and cytokine production - has long been appreciated (33, 34). However, in recent years it has become increasingly clear that the effector functions of CD4+ T cells extend well beyond their “helper” role (35–37). For example, in SOT recipients infected with CMV, early induction of cytolytic CD4+ T cells (preceding CD8+ T cell responses) has been associated with asymptomatic disease (38), and their maintenance during latency has been correlated with viral control (39, 40). Similarly, in the setting of acute viral infections [e.g. influenza (41), hepatitis C (HCV) (42) and Hantaan virus (HTNV; the cause of hemorrhagic fever with renal syndrome) (43)], the presence of cytotoxic CD4+ T cells has been linked to viral clearance and milder disease. Indeed, HIV-specific cytolytic CD4+ T cell responses during acute infection are highly predictive of slow disease progression (44) and efficient control of viremia in chronically infected patients (45). Cytolytic CD4+ T cells have also been demonstrated to mediate potent anti-tumor effects [Hunder et al., 2008, Tran et al., 2014, Johnson et al., 2016, Rodig et al., 2018, Alspach et al., 2019, Tang et al., 2021 (46–51)]. For example, naturally occurring Granzyme A/B- and perforin-expressing CD4+ T cells with the ability to eliminate autologous tumor have been identified in multiple myeloma patients; higher frequencies of these cells were associated with lower numbers of circulating plasma cells and less advanced disease, thus indicative of better prognosis (52). More recently, Oh et al (53) identified multiple cytotoxic CD4+ T cell subsets within human bladder tumors that killed autologous tumors in an HLA class II-restricted manner and whose presence was predictive of clinical response to anti-PD-L1 in those with metastatic disease. Cachot et al (54) extensively described CD4+ T cell clusters across different human cancers (melanoma, breast cancer, head and neck cancer, and hepatocellular carcinoma) that displayed cytotoxic properties with direct, contact- and granzyme-dependent lytic activity against autologous tumors.

Thus, it is clear that both CD8+ and CD4+ T cells are capable of mediating polyfunctional and potent antigen-specific effects in vivo – not all of which can easily be assessed in vitro. While the complexities of measuring the direct cytolytic potential of such polyclonal, memory T cells were addressed in the current study, surrogate markers of functional capacity (e.g. CD107a and Granzyme B) should also be considered as measures that predict cytolytic potential of effector cells destined for clinical use.
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