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Abstract:
Adoptive cellular therapies have shown enormous potential, but are complicated by personalization.
Because of HLA mismatch, rejection of transferred T cells frequently occurs, compromising the T-
cell graft's functionality. This obstacle has led to the development of human leukocyte antigen
(HLA) knock-out (KO) T cells as universal donor cells. Whether such editing directly affects T-cell
functionality remains poorly understood. In addition, HLA KO T cells are susceptible to missing-
self recognition through NK cells and lack of canonical HLA class I expression may represent a
safety hazard. Engineering of non-canonical HLA molecules could counteract NK cell recognition, but
further complicates the generation of cell products. We here show that HLA KO does not alter T-cell
functionality in vitro and in vivo. While HLA KO abrogates allogeneic T-cell responses, it elicits
NK-cell recognition. To circumvent this problem, we demonstrate that selective editing of
individual HLA class I molecules in primary human T cells is possible. Such "HLA reduction" not
only inhibits T-cell alloreactivity and NK-cell recognition simultaneously, but also preserves the
T-cell graft's canonical HLA class I expression. In the presence of allogeneic T cells and NK
cells, T cells with remaining expression of a single, matched HLA class I allele show improved
functionality in vivo in comparison to conventional allogeneic T cells. Since reduction to only a
few, most frequent HLA haplotypes would already be compatible with large shares of patient
populations, this approach significantly extends the toolbox to generate broadly applicable
cellular products.
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KEY POINTS 36 

 HLA reduction of primary human T cells can be achieved in a single step in combination 37 

with re-expression of defined antigen receptors. 38 

 HLA reduced T cells maintain canonical HLA class I expression and escape NK cell-39 

mediated recognition in addition to T cell alloreactivity. 40 

 41 

 42 

ABSTRACT 43 

Adoptive cellular therapies have shown enormous potential, but are complicated by 44 

personalization. Because of HLA mismatch, rejection of transferred T cells frequently occurs, 45 

compromising the T-cell graft's functionality. This obstacle has led to the development of 46 

human leukocyte antigen (HLA) knock-out (KO) T cells as universal donor cells. Whether 47 

such editing directly affects T-cell functionality remains poorly understood. In addition, HLA 48 

KO T cells are susceptible to missing-self recognition through NK cells and lack of canonical 49 

HLA class I expression may represent a safety hazard. Engineering of non-canonical HLA 50 

molecules could counteract NK cell recognition, but further complicates the generation of cell 51 

products. We here show that HLA KO does not alter T-cell functionality in vitro and in vivo. 52 

While HLA KO abrogates allogeneic T-cell responses, it elicits NK-cell recognition. To 53 

circumvent this problem, we demonstrate that selective editing of individual HLA class I 54 

molecules in primary human T cells is possible. Such “HLA reduction” not only inhibits T-cell 55 

alloreactivity and NK-cell recognition simultaneously, but also preserves the T-cell graft's 56 

canonical HLA class I expression. In the presence of allogeneic T cells and NK cells, T cells 57 

with remaining expression of a single, matched HLA class I allele show improved 58 

functionality in vivo in comparison to conventional allogeneic T cells. Since reduction to only 59 

a few, most frequent HLA haplotypes would already be compatible with large shares of 60 

patient populations, this approach significantly extends the toolbox to generate broadly 61 

applicable cellular products. 62 

 63 

 64 

  65 
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INTRODUCTION 66 

The adoptive transfer of T cells is a powerful treatment option for cancer, infections and 67 

autoimmune diseases1. However, polymorphic human leukocyte antigens (HLA) of donor T 68 

cells and recipient need to be matched in order to prevent rejection of transferred T cells2–4. 69 

Generating autologous T cell products or donor registries is time-, labor- and cost-intensive. 70 

Therefore, several approaches have been proposed to generate “universal” or at least 71 

broadly applicable allogeneic donor cells5. This encompassed knocking out HLA class I and 72 

II through targeting of β2 microglobulin (β2M) and the transcription factor CIITA, respectively6–73 
8. 74 

Preliminary evidence suggests that knock-out (KO) of HLA class I has no consequence on T 75 

cell functionality6,8, although generally this question remains elusive9, which is surprising 76 

given the fact that HLA class II upregulation is a marker of human T-cell activation10. 77 

While KO of HLA prevents rejection through allogeneic T cells, NK cells can recognize such 78 

cells through “missing self”11,12. Expression of HLA-E has been shown to counteract this 79 

problem8. Since HLA-E would only inhibit NKG2A+ NK cells, overexpression of HLA-G has 80 

been proposed as an advantageous engineering approach13 in order to target KIR2DL1-4+ 81 

and ILT2+ NK cells5. However, such additional editing steps complicate the generation 82 

process of cellular products that are intended for clinical application. An alternative strategy 83 

is, therefore, to reduce HLA diversity of transferred T cells to a minimum set of HLA alleles 84 

that match the host recipient. Such editing preserves cellular physiology. Importantly, some 85 

canonical HLA expression is thereby left intact, serving as a safeguard in case of viral 86 

infection or tumorigenesis. 87 

Individual editing of HLA-A has previously been shown to be feasible6. With the advent of 88 

CRISPR/Cas9, subsequent studies demonstrated that reduction of HLA diversity is possible 89 

through targeting individual HLA alleles in human pluripotent stem cells (iPSCs)13,14. 90 

However, editing on the level of iPSCs still requires differentiation into mature T cells for 91 

application in adoptive cell therapy. Furthermore, because of low editing efficacies and lack 92 

of surface expression e.g. of HLA class I in iPSCs14, tedious selection of clones appears 93 

necessary before cellular products are ready to use. It is therefore unclear whether HLA 94 

reduction is feasible within a single editing step in primary human T cells. 95 

 96 

 97 

  98 
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METHODS 99 

T cells from peripheral blood mononuclear cells (PBMCs) and cell culture. 100 

T cells were cultured in RPMI 1640 (Gibco) supplemented with 10% FCS, 0.025% L-101 

glutamine, 0.1% HEPES, 0.001% gentamycin and 0.002% streptomycin (hereafter RPMI) at 102 

37 °C and 5% CO2 unless indicated otherwise. For resting of cells, medium was 103 

supplemented with 50 IU/ml Interleukin 2 (IL-2). For feeder-free expansion of cells, medium 104 

was supplemented with 180 IU/ml IL-2. Written informed consent was obtained from the 105 

donors, and use of the blood samples was approved according to national law by the local 106 

Institutional Review Board (Ethikkommission der Medizinischen Fakultät der Technischen 107 

Universität München). 108 

 109 

Cell culture of NK cells 110 

For short-term culture of NK cells, cells were cultured in full medium supplemented with 100 111 

IU/ml IL-2 at a density of 1 × 106 /ml at 37 °C and 5% CO2. 112 

 113 

Feeder cell culture 114 

For feeder cell-based rapid expansion, allogeneic PBMCs were mitotically inactivated by 115 

irradiation with 35 Gy. Cells were washed two times with full medium. Cells were adjusted to 116 

a target to feeder ratio of 1:5 and a total density of 1 × 106 /ml. Medium was supplemented 117 

with 180 IU/ml IL-2 and 1 μg/ml Phytohaemagglutinin (PHA). If the medium turned acidic, 118 

fresh full medium containing 50 IU/ml IL-2 was added. The feeder cell culture was renewed 119 

weekly with fresh irradiated allogeneic feeder cells. 120 

 121 

CRISPR/Cas9 mediated knock-out and knock-in 122 

Frozen PBMCs were thawed and rested overnight in RPMI + 50 IU/ml IL-2. Cells were 123 

activated two days prior to electroporation using 4.8 μg aCD3/aCD28 Expamer (Juno 124 

Therapeutics), 300 IU/ml IL-2, 50 IU/ml IL-7 and 50 IU/ml IL-15 for 1 × 106 cells. Stimulus 125 

was removed by incubating in 1 mM D-Biotin (Sigma Aldrich) for 20 min at room 126 

temperature. Cells were electroporated (pulse code EH-110) with Cas9 RNP and 1µg DNA 127 

template in P3 electroporation buffer (20 μl per 1 × 106 T cells; Lonza) with a 4D Nucleofector 128 

X unit (Lonza). After electroporation, cells were cultured in RPMI containing 180 IU/ml IL-2. 129 

 130 

T-cell receptor replacement for functional assays 131 

For functional Assays the endogenous T-cell Receptor was replaced with either TCR 6-2 132 

(HLA-A*02:01 restrictive; NLV-CMV-epitope) or with JCAR 21 (aCD19 CAR). Replacement 133 

took place via CRISPR/Cas9 mediated KO of TRAC and TRBC and use of Homologous 134 

Directed Repair (HDR) to insert construct into the endogenous TRAC locus. 135 
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 136 

Antibody staining for flow cytometry 137 

Cells were harvested and washed two times in cold FACS buffer (PBS containing 0.5% (w/v) 138 

BSA, pH = 7.45). For antibody staining, cells were resuspended in cold FACS buffer 139 

containing antibodies and incubated 20 min on ice in the dark. Samples were then washed 140 

thrice in cold FACS buffer, filtered through a nylon mesh and analyzed on a flow cytometer. 141 

Live/dead discrimination was done by using Propidiumiodide (Invitrogen). 142 

 143 

Flow cytometric cell sorting 144 

For sorting, staining was performed as described above under sterile conditions. Cells were 145 

sorted in 1 ml of sterile FCS. Finally, cells were pelleted and resuspended in full medium with 146 

or without feeder cells depending on cell numbers and the following experiment. 147 

 148 

Intracellular cytokine staining 149 

K562 cells bearing the correct HLA were irradiated (80 Gy) and pulsed with NLV-peptide 150 

pp65495-503 (10-12 M, 10-10 M, 10-9 M, 10-8 M, 10-7 M, 10-6 M, 10-4 M) overnight at 37 °C. T cells 151 

were then co-incubated with peptide pulsed K562 cells and 2 μl/ml GolgiPlug (BD 152 

Biosciences) in a 1:1 ratio for 4 h at 37 °C. Positive control was stimulated with phorbol 153 

myristate acetate (25 ng/ml) and Ionomycin (1 μg/ml). Surface staining for CD8 (FITC, 154 

Beckman Coulter), HLA-ABC (APC, Biolegend), HLA-DR (PB, Biolegend) and mTRBC 155 

(APCFire, Biolegend) was followed by intracellular staining after permeabilization using 156 

Cytofix/Cytoperm Kit (BD Biosciences) with IFNγ (FITC, BD Pharmingen), TNFα (PE-157 

Cyanine7, eBioscience). Live/dead discrimination was done by using Ethidium monoazide 158 

bromide (Invitrogen). 159 

 160 

NK cell assay 161 

One day prior to the analysis, PBMCs were isolated from fresh blood and sorted for CD3- 162 

CD8- CD56+ cells. The next day, NK cells were co-incubated with T cells in a 1:2 ratio for 5 h 163 

in the presence of CD107a PE (Biolegend) antibody. After one hour, 6 µg/ml GolgiStop (BD 164 

Biosciences) was added. Cells were then washed and additional antibody staining for flow 165 

cytometry was performed. 166 

 167 

xCELLigence killing assay 168 

HepG2 cells were loaded with NLV-peptide pp65495-503 (10-6 M) for 2 h at room temperature. 8 169 

× 104 peptide pulsed HepG2 cells were seeded per well onto an E-Plate (OLS) and placed in 170 

an xCELLigence™ RTCA System (ACEA Bio). T cells were added when curve hits saturation 171 

no less than 24 hours later. As a positive control, 100 μl of full medium containing 2 % Triton-172 
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X was added; as a negative control served HepG2 cells cultured alone. xCELLigence RTCA 173 

Software Pro (ACEA) and Prism8 (GraphPad) were used to analyze the data. 174 

 175 

Mixed lymphocytes reaction (MLR) assay 176 

Fresh blood was collected from two donors. PBMCs were isolated and half of the cells were 177 

mitotically inactivated through irradiation (35 Gy). Cells from the donor used for target cell 178 

generation were then co-cultured with irradiated cells from the same donor (auto priming) or 179 

from the second donor (allo priming) for 7 days with 10 IU/ml IL-2 at 37 °C. After priming of 180 

the effector cells, cells were labelled with the eBioscience™ Cell Proliferation Dye eFluorTM 181 

450 Kit (Thermo Fisher) according to manufacturer’s protocol. Target cells were labelled with 182 

CFSE Cell Division Tracker Kit (Biolegend) according to manufacturer’s protocol. Target and 183 

effector cells were then co-cultured for 48 h. Cells were harvested, washed and additional 184 

antibody staining for flow cytometry was performed. 185 

 186 

In vivo transfer in syngeneic infection mouse model 187 

Before T cell transfer NSG-HLA-A2/HHD mice (Jackson Laboratories) were irradiated with 2 188 

Gy to create a niche for the transferred cells. CD8+ TCR-transgenic T cells with and without 189 

B2M KO were then injected intraperitoneally. The endogenous TCR was orthotopically 190 

replaced with a CMV-specific TCR (TCR 6-2). The next day, mice were infected 191 

intraperitoneally with 5 × 103 PFU mCMV-NLV (virus provided by Luka Cicin-Sain). On day 7 192 

after infection, the mice were sacrificed and the liver was processed for flow cytometry 193 

analysis. Lymphocytes were isolated with Percoll (GE Healthcare) and red blood cell lysis 194 

was performed with ACT buffer (10% v/v 0.17 M Tris-HCl pH=7.5, 90% v/v 0.17 M NH4Cl). 195 

Cells were stained with hCD8 PE (Invitrogen), mTRBC APCFire780 (Biolegend), 2m APC 196 

(Biolegend) and hTCR FITC (Biolegend) antibodies. 197 

 198 

In vivo transfer in humanized mouse model 199 

Female 4-week-old NSG-SGM3 mice (Jackson Laboratories) were humanized with human 200 

CD34+ cells following irradiation with 1 Gy. Human immune system reconstitution took place 201 

over 12 weeks. Blood was then analyzed via flow cytometry to identify different immune cell 202 

populations. PBMCs used as effector cells all received an aCD19-CAR (JCAR 21) knock-in 203 

into the endogenous TRAC gene locus and were (in the case of HLA reduction) 204 

simultaneously edited for all HLA class I alleles except for HLA-A*02:01. Finally, cells were 205 

administered directly after electroporation without prior sorting via the intravenous route into 206 

recipient mice. 207 

 208 

Flow cytometry 209 
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Samples were acquired on a Cytoflex (S) flow cytometer (Beckman Coulter). Flow sorting 210 

was done on a MoFlo Astrios EQ (Beckman Coulter). 211 

 212 

Data analysis 213 

All flow cytometry data were analyzed with FlowJo v10 and GraphPad PRISM 9 software. 214 

Genomic KO was scored using Synthego’s ICE. xCELLigence RTCA Software Pro (ACEA) 215 

was used for analysis of xCELLigence assays. 216 

 217 
Written informed consent was obtained from blood donors, and use of the blood samples 218 
was approved according to national law by the local Institutional Review Board 219 
(Ethikkommission der Medizinischen Fakultät der Technischen Universität München). 220 
  221 
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RESULTS 222 

Generation of HLA KO primary human T cells with reduced allogeneic recognition 223 

To replicate HLA KO as a strategy to circumvent T cell alloreactivity, we knocked out the 224 

B2M or CIITA gene through specific gRNAs in primary human T cells using electroporation of 225 

CRISPR/Cas9 gRNA ribonucleoproteins15 (Fig. 1a-c; Suppl. Fig. 1a-b). 226 

We next induced alloreactivity through co-incubation of effector T cells from one healthy 227 

donor for seven days with allogeneic target T cells from another healthy donor with complete 228 

HLA mismatch, followed by 48 hours of re-stimulation. This led to preferential activation of 229 

HLA mismatched target cells (Fig. 1d). Survival of allogeneic T cells was significantly 230 

rescued when β2M
- T cells after B2M KO (Suppl. Fig. 1c-d) were used as target cells (Fig. 231 

1d). 232 

 233 

Intrinsic in vitro and in vivo functionality of HLA class I and II deficient primary human T cells 234 

Given the potential of HLA KO to generate T cell products that can escape allogeneic T-cell 235 

recognition, we next studied whether loss of HLA expression is associated with changes in T-236 

cell functionality6,8,9. We equipped T cells with a TCR specific for the HLA-A*02:01-restricted 237 

Cytomegalovirus (CMV) epitope pp65495-503 via orthotopic TCR replacement (OTR)15,16. 238 

Simultaneous to TCR knock-in (TCR KI) into the endogenous TCR Alpha Constant (TRAC) 239 

gene locus and KO of TCR Beta Constant (TRBC), we performed no additional editing (“TCR 240 

KI only”), knocked out endogenous B2M (“B2M KO”) or CIITA (“CIITA KO”), followed by 241 

purity sorting on CD8+ hTCR- mTRBC+ cells (Suppl. Fig. 2). We then co-incubated these 242 

effector cells with peptide-loaded K562 cells and checked for release of IFNγ and TNFα (Fig. 243 

2a). HLA-edited cells showed no change in their sensitivity of target-cell recognition 244 

compared to unedited cells (Fig. 2b). We also investigated killing of peptide-loaded HepG2 245 

target cells using a live-cell imaging system. Again, neither CIITA KO (Fig. 2c) nor B2M KO 246 

(Fig. 2d) affected effector function of TCR-transgenic T cells. 247 

Next, we studied whether HLA editing would affect T-cell functionality in vivo. We adoptively 248 

transferred TCR KI cells with or without B2M KO into irradiated NSG/HHD HLA-A*02:01-249 

transgenic recipient mice17, which were subsequently infected with human NLV peptide-250 

expressing murine CMV (mCMV)16 (Suppl. Fig. 3a). Human T cells could be recovered from 251 

livers on day 8 (Suppl. Fig. 3b). The frequency of β2M
- T cells was completely preserved 252 

compared to the infusion product (Suppl. Fig. 3c). This indicates that β2M
- T cells are neither 253 

positively nor negatively selected in vivo and confirms that HLA class I editing does not 254 

change intrinsic T-cell functionality. 255 

 256 

NK cell recognition of HLA class I deficient primary human T cells 257 
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NK cells may recognize HLA-negative cells through a “missing self” mechanism11,12. We 258 

therefore co-incubated NK cells with unedited T cells or B2M KO T cells and analyzed NK 259 

cell activation (Fig. 3a). Sort-purified B2M KO T cells induced NK cell activation significantly 260 

more than WT T cells, almost to the same degree as positive controls did (Fig. 3b-c). These 261 

data confirm that HLA KO T cells are prone to rejection through NK cells. 262 

 263 

Generation of HLA class I reduced primary human T cells 264 

Based on these findings, we aimed to explore whether a reduction, rather than complete 265 

elimination, of the diversity of HLA molecules13,14 can be achieved in primary human T cells 266 

in a single editing event. 267 

We took T cells of an HLA-A*02:01+ A*03:01+ B*44:03+ B*51:01+ C*15:02+ C*16:01+ donor 268 

(Fig. 4a) and left these cells unedited, knocked out only one individual HLA allele at a time or 269 

individually knocked out all six HLA class I alleles, except for one. The sole preservation of a 270 

single HLA allele would allow coverage of 80% of the European Caucasian population 271 

(African: 78%; Hispanic – South or Central American: 73%; Korean: 84%; Southeast Asian: 272 

80%) if performed for the 10 most frequent individual HLA class I alleles (Suppl. Fig. 4a)18,19. 273 

As additional controls, we knocked out all six HLA class I alleles individually in one sample or 274 

knocked out B2M (Suppl. Fig. 4b). Flow cytometric antibody staining can be used to 275 

distinguish HLA BC and individual HLA-A*02 and HLA-A*03 proteins (Suppl. Fig. 4b-d). We 276 

observed absence of β2m protein only upon B2M KO, but not in any of the other samples in 277 

which HLA alleles were edited individually. HLA BC- T cells were generated by B2M KO, but 278 

also observed in the two samples in which either HLA-A*02:01 or HLA-A*03:01-specific 279 

gRNAs were left out of the editing cocktail while all gRNAs targeting HLA-B and HLA-C 280 

alleles were present. T cells lacking HLA-A*02:01 or HLA-A*03:01 were most effectively 281 

generated with editing cocktails containing both HLA-A-specific gRNAs, indicating some 282 

degree of cross-reactive editing. In fact, T cells lacking HLA-A*02:01 were more robustly 283 

induced by the HLA-A*03:01-targeting gRNA and vice versa (Suppl. Fig. 4e-f). 284 

Still, editing with individual gRNA cocktails yielded cell products with very specific HLA allele 285 

expression profiles. The number of expressed individual HLA alleles was thereby associated 286 

with distinct β2m protein expression levels (Fig. 4b). The frequencies of desired cell products 287 

containing HLA-A*02 or -A*03 only, or containing no HLA class Ia at all, were in the range of 288 

5-10% (Suppl. Fig. 4g). 289 

Overall, these data indicate that targeting single HLA alleles with individual gRNAs can 290 

generate HLA-reduced T cells. 291 

 292 

Escape of HLA-reduced primary human T cells from allogeneic recognition in vitro 293 
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HLA-reduced T cells should not elicit alloreactive T cell and NK cell mediated recognition. To 294 

test this, we repeated the MLR assay with sort-purified HLA-reduced target T cells 295 

(expressing HLA-A*02:01 or HLA-A*03:01) from donor A, who had a complete HLA 296 

mismatch with the three donors providing effector T cells, except for HLA-A*02:01 or HLA-297 

A*03:01 respectively (Fig. 5a). As controls, we also used HLA mismatched target T cells that 298 

were not edited, HLA matched autologous target cells, as well as sort-purified cells lacking 299 

HLA BC and HLA-A*02:01 or HLA-A*03:01 or both. The HLA-A2- HLA-A3+ donor shows 300 

alloreactivity towards HLA reduced cells that are HLA-A2+ HLA-A3-. Both HLA-A2+ HLA-A3- 301 

donors, on the other hand, do not show such alloreactivity towards HLA-reduced cells that 302 

are HLA-A2+ HLA-A3-. The latter donors also do not show alloreactivity towards HLA-303 

reduced cells that are HLA-A2- HLA-A3+, but alloreactivity does not necessarily have to be 304 

consistently present against all individual HLA molecules in all donors (Fig. 5a). Overall, 305 

HLA-reduced T cells seem to be largely protected from allogeneic T cell recognition. 306 

Importantly, HLA-reduced T cells also did not activate NK cells (Fig. 5b). Next to T cells 307 

expressing only HLA-A*02:01 or HLA-A*03:01, cells lacking HLA-A*02:01, HLA-A*03:01 and 308 

HLA BC did not stimulate NK cells, protecting from missing-self recognition to a similar 309 

degree as HLA-E knock-in T cells did. We hypothesize that protection of HLA-reduced cells 310 

from NK cell recognition could be due to preservation of non-canonical HLA expression. 311 

Indeed, cells lacking HLA-A*02:01, HLA-A*03:01 and HLA BC could be stained for HLA E 312 

(Fig. 5c), which is in line with preserved β2m protein expression upon 6xKO (Suppl. Fig. 4b-313 

c). In summary, HLA-reduced T cells escape both alloreactive T cell and NK cell mediated 314 

recognition in vitro. 315 

 316 

Improved functionality of HLA-reduced primary human T cells in the presence of HLA 317 

mismatched T and NK cells in vivo 318 

Finally, we aimed to investigate the functionality of HLA-reduced primary human T cells in 319 

vivo. Studying allogeneic T cell and NK cell-mediated recognition of human T cells in vivo is 320 

challenging. Usually, for in vivo testing of allogeneic rejection of human T cells, the individual 321 

cell products (T cells from one donor, HLA mismatched T cells from another donor, as well 322 

as NK cells) are actively injected into mice, often pre-primed before ex vivo, and then only 323 

monitored over short periods of time due to poor maintenance of transferred T cells. For this 324 

reason, we humanized mice after transplantation with CD34 (hCD34)+ hematopoietic stem 325 

and progenitor cells (HSPCs) that build up a human endogenous immune cell repertoire 326 

encompassing B, T and NK cells (Suppl. Fig. 5). In addition to this, recipient mice had a 327 

NSG-SGM3 background, which allows more rapid and more complete reconstitution of 328 

human immune cell lineages compared to conventional NSG mice20. 329 
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To probe the functionality of HLA-reduced primary human T cells, we reduced HLA diversity 330 

so that HLA-A*02:01 would be the sole matching HLA allele compared to the donor that was 331 

used for recipient mouse humanization (Fig. 6a). Simultaneously, we knocked-in (KI) an anti-332 

CD19 CAR into the endogenous TRAC locus. In contrast to our previous in vivo analysis, we 333 

here chose an anti-CD19 CAR as an antigen-specific receptor since the CAR would 334 

recognize the reconstituted human B cells in a continuous manner, and thereby renders the 335 

transgenic T cells a good target of allogeneic recognition through reconstituted T cells and 336 

NK cells for a period of at least one to two weeks. 337 

To maximize engraftment of allogeneic HLA-reduced donor T cells, we directly transferred 338 

them after editing without further in vitro culture or purity sorting. As a control, we transferred 339 

either allogeneic CAR KI T cells without HLA reduction or no cells. We observed a mild 340 

decrease in CD19+ B cells when allogeneic CAR T cells were infused (Fig. 6b-c). This 341 

elimination of B cells was, however, enhanced when allogeneic CAR T cells had been 342 

additionally HLA-reduced. HLA-reduced allogeneic CAR T cells consistently led to more 343 

effective B cell elimination also in the bone marrow and spleen at the end point analysis (Fig. 344 

6d) as well as in a second independent experiment (Fig. 6e). 345 

In summary, HLA-reduced allogeneic CAR T cells show improved functionality in the 346 

presence of HLA mismatched T and NK cells in a humanized in vivo model of chronic 347 

antigen exposure. 348 

 349 

 350 

  351 
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DISCUSSION 352 

Just as B2M KO cells, HLA-reduced T cells circumvent allogeneic T-cell recognition in case 353 

of HLA mismatches. However, in contrast to B2M KO cells, HLA-reduced T cells do not elicit 354 

NK cell-mediated recognition through “missing self”. While transgenic expression of HLA-E8 355 

or HLA-G13 has been proposed to counteract NK cell-reactivity, HLA reduction entails the 356 

unique advantage of preserving cellular physiology. 357 

We here show proof-of-concept for HLA reduction to a single, matching HLA molecule, 358 

representing the most extreme case for which a match in canonical HLA class I molecules 359 

can still be reached through engineering. To demonstrate how much this improves the 360 

likelihood of finding suitable cell donors, we calculated that HLA reduction to the 10 most 361 

prevalent HLA class I molecules would already cover about 80% of the European Caucasian 362 

population (78-84% of other populations) (Suppl. Fig. 4a). 363 

It is also a possibility to leave more HLA molecules intact. While more donors are then 364 

needed to cover substantial parts of a population, the probability to find a suitable donor are 365 

still much enhanced. For example, calculations with donors that have naturally occurring HLA 366 

class I homozygocities for HLA-A, HLA-B and HLA-C (i.e. donors that are homozygous on 367 

HLA-A, HLA-B as well as HLA-C) from German blood donor registries show that 20 donors 368 

with the most frequent homozygous HLA class I haplotypes could already cover about two 369 

thirds of the German population (Suppl. Fig. 6). 370 

Importantly, HLA reduction is generally applicable to all HLA alleles and should also be 371 

implemented for common HLA alleles in diverse ethnical groups. The lack of monoclonal 372 

antibodies for additional individual HLA molecules may pose a problem to making HLA 373 

reduction a broadly applicable strategy. However, it is also conceivable to perform HLA 374 

reduction and then adoptive cell transfers without further selection on defined HLA-reduced 375 

populations. In this case, cells that show residual HLA mismatches should be rejected in 376 

vivo. The possibility to omit sorting steps also facilitates the practical implementation of such 377 

cellular therapies. 378 

Eliminating all canonical HLA alleles is also a possible strategy for generating broadly 379 

applicable cells, thereby preserving only non-canonical HLA expression. We here show that 380 

T cells that are negative for HLA-A2 HLA-A3 and HLA-BC prevent both NK cell as well as 381 

allogeneic T cell activation just as HLA-reduced T cells do. Fittingly, T cells that are negative 382 

for HLA-A2 HLA-A3 and HLA-BC sustain HLA-E expression. However, as reported before by 383 

others, HLA-ABC- T cells do have lower HLA-E expression levels than unedited cells13,14. 384 

This can be explained by HLA-E’s function to present signal peptides from canonical and 385 

non-canonical HLA class I molecules21. Consistent with this, we observe a correlation 386 

between HLA-E and canonical HLA class I expression levels also in unedited cells and see 387 

that HLA-A2+ HLA-A3- HLA-BC- T cells have higher HLA-E expression levels than HLA-ABC- 388 
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T cells (Fig. 5c). Robust inhibition of NK cell recognition therefore appears more likely when 389 

at least one canonical HLA molecule is preserved. In line with this, others have seen that 390 

HLA-ABC- iPSC-derived blood cells did not elicit NK cell reactivity when HLA-C7 was still 391 

expressed14. In any case, preserving at least one canonical HLA class I molecule represents 392 

an important safeguard in case engineered T cells are infected or undergo malignant 393 

transformation. 394 

The T cells that we HLA-reduced to a single remaining HLA allele were edited in 7 different 395 

genetic loci (5 HLA class I alleles and two TCR targets; including knock-in into one TCR 396 

locus). While this underlines the feasibility of highly multiplexed engineering through 397 

CRISPR/Cas9, it may also raise concerns of an increased risk of chromosomal loss and 398 

translocations 22,23. Such concerns are somewhat mitigated by a favorable safety profile of T 399 

cells with multiplexed CRISPR/Cas9 editing in clinical trials24 and long-term preclinical in vivo 400 

analyses25. Furthermore, it has recently been shown that Cas9 nuclease-assisted knock-in 401 

can be combined with Cas9-derived base editing for generation of double strand breaks in 402 

order to generate T cells with multiplexed editing without elevated translocation 403 

frequencies26. 404 

Previous studies that investigated the functionality of universal or broadly applicable human 405 

donor T cells in vivo actively supplemented immunodeficient mice with target cells, previously 406 

primed T cells (to mimic the endogenous recipient repertoire) and monitored survival of 407 

donor T cells no longer than 8 days8,13,14,27. Furthermore, human NK cells were usually not 408 

present. In our study, we aimed to perform in vivo studies in a setting with endogenous 409 

human immune cell repertoires (encompassing both T and NK cells) that developed as 410 

naturally as possible. In addition, we wanted to monitor human donor T cell maintenance for 411 

as long as possible. Finally, we aimed to study donor T-cell function against endogenous 412 

targets that also did not have to be supplied exogenously. Therefore, on the one hand, we 413 

humanized mice with CD34+ HSPCs. This led to the development of B, T and NK cell 414 

populations, providing a system with endogenous target and effector cells to study the 415 

maintenance of later applied donor T cells. On the other hand, we used NSG-SGM3 mice as 416 

a background. In these mice, the presence of IL-3, GM-CSF SCF enables a more complete 417 

humanization and thereby enhanced maintenance of human immune cells20. Using this 418 

system, we observed enhanced functionality (i.e. elimination of endogenous B cells) with 419 

HLA-reduced compared to HLA non-reduced allogeneic donor T cells in the presence of 420 

allogeneic endogenous T and NK cells. In the future, it will be relevant to study whether this 421 

enhanced functionality is due to enhanced T-cell maintenance, and whether such improved 422 

maintenance is linked to escape from T or NK cell mediated rejection. As of now, our data 423 

indicate superior functionality of HLA-reduced allogeneic T cells in a preclinical in vivo 424 

system which mimics the actual in vivo situation in patients as closely as anyhow possible. 425 
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In summary, we here provide proof-of-concept that HLA reduction is a feasible strategy to 426 

circumvent both allogeneic T as well as NK cell-mediated rejection, while simultaneously 427 

preserving T-cell physiology and canonical HLA class I expression. HLA reduction thereby 428 

extends the toolbox of cellular engineering for therapy of tumor diseases, infections and 429 

autoimmunity. 430 

  431 

D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/doi/10.1182/bloodadvances.2023011496/2222677/bloodadvances.2023011496.pdf by guest on 06 M

ay 2024



DATA AVAILABILITY 432 

All data generated or analyzed during this study are included in this article, its supplementary 433 

information files and/or are available from the corresponding authors upon reasonable 434 
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MAIN FIGURE LEGENDS 549 

 550 

Fig. 1 | Generation of HLA KO primary human T cells with reduced allogeneic recognition. 551 
a, Flow-cytometric analysis of 2m

-
-T cells (gated on living lymphocytes) from B2M gRNA edited (left) 552 

and unedited (right) peripheral blood mononuclear cells of a healthy donor. b, Discordance plot as 553 
generated by ICE analysis of a 2m-edited sample (blue) in comparison to mock edited cells (grey, 554 
control). Discordance refers to the extent of disagreement between the wild type and edited sample at 555 
each base within a defined inference window (black line). c, Percentage of successful HLA class I KO 556 
as detected by flow cytometry (FACS) and in ICE analysis after sequencing (DNA) (n=6 technical 557 
replicates). d, Percentage of CD69

+
CD137

+
 CD8

+
 effector cells after 48h of co-culture with indicated 558 

target cells (n=3 technical replicates). Effector cells were peripheral mononuclear blood cells from 559 
donor A, co-cultured for 7 days together with PBMCs from donor B (allo priming). Target cells were 560 
autologous unedited cells from donor A (HLA I match), allogeneic B2M KO cells (no HLA I), and 561 
allogeneic unedited cells (HLA I mismatch). Target cells were sorted for CD3

+
 and successful KO if 562 

applicable. 563 
 564 
Fig. 2 | Intrinsic in vitro functionality of HLA class I and II deficient primary human T cells 565 
a, Representative flow-cytometric intracellular cytokine staining of IFN and TNF in response to no 566 
antigen, increasing amounts of antigen or phorbol 12-myristate 13-acetate (PMA) and ionomycin; 567 
human peripheral blood mononuclear cells as effector cells underwent orthotopic TCR replacement 568 
with CMV NLV-specific TCR 6-2 (TCR KI) and were simultaneously edited with B2M gRNA (2m KO) 569 
or CIITA gRNA (CIITA KO); K562 cells loaded with NLV-peptide pp65495-503 as antigen were used for 570 
stimulation. b, Quantification of data from a (n=2-3 technical replicates, mean with SD), x-axis showing 571 
logarithmic molar peptide concentration; neg, negative control. c, Killing of target cells (HepG2 cells 572 
pulsed with NLV-peptide pp65495-503) by HLA class II KO T cells as measured through changes in cell 573 
index over time (left panel) in an xCELLigence assay and quantified as the area under the curve (right 574 
panel) calculated over the entire time period shown; addition of effector cells indicated by dashed line; 575 
positive control of target cell lysis achieved through addition of detergent Triton-X; negative control 576 
(neg. ctrl.) shows uninhibited target cell growth through absence of effector cells; mock edited effector 577 
cells were used as control to show non-specific effect on target cell growth through superseding; CD8

+
 578 

T cells from a and b were used as effector cells and sorted for successful editing (CD8
+
 hTCR

-
 579 

mTRBC
+
 2m

-
/CIITA

-
); statistical testing by ordinary one-way ANOVA and Tukey’s multiple 580 

comparisons test), n=3 technical replicates, mean with SD; ns, not significant; ****, P<0.0001. d, As in 581 
c with HLA class I KO T cells as investigated effector cells. 582 
 583 
Fig. 3 | NK cell recognition of HLA class I deficient primary human T cells 584 
a, Experimental setup for NK cell recognition assay. b, Representative flow cytometric analysis of 585 
CD107a

+ 
NK cells (percentage of living CD56

+ 
CD8

-
 lymphocytes) after 5h of co-incubation with 586 

indicated target T cells, K562 cells or PMA/Iono; cells were sorted for successful editing. c, 587 
Quantification of data shown in b; n=3 technical replicates; statistical testing was done using an 588 
unpaired two-tailed t-test and results are only shown for comparison of WT and B2M KO T cells; mean 589 
with SD; ***, P< 0.001. 590 
 591 
Fig. 4 | Generation of HLA class I reduced primary human T cells 592 
a, Experimental scheme showing concept of HLA class I reduction through single HLA allele targeting. 593 
b, Characterization of 6-1 (A2) KO T cells (in which all HLA class I molecules were targeted except for 594 
HLA A2) compared to B2M KO T cells; left: HLA BC

-
 population pre-gated on living CD8

+
 T cells, 595 

second from left: ß2m expression of HLA BC
-
 and HLA BC

+
 populations pre-gated on living CD8

+
 T 596 

cells; second from right: HLA A2 and HLA A3 expression pre-gated on HLA BC
- 
CD8

+
 living T cells; 597 

right: ß2m expression of HLA BC
-
 subsets as defined in dot plots second from right. 598 
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 599 
Fig. 5 | Escape of HLA reduced primary human T cells from allogeneic recognition in vitro 600 
a, Percentage of CD137

+
 CD8

+
 effector cells after 48h of co-culture with indicated target cells. Effector 601 

cells were peripheral mononuclear blood cells from indicated donors, co-cultured for 7 days together 602 
with PBMCs from donor A (allo priming); donors only share an allele for HLA A2 or HLA A3 as 603 
indicated; target cells were T cells from donor A without (WT) or with HLA class I reduction, sorted for 604 
CD8

+
 and HLA BC

-
 and A2

- 
A3

-
, A2

+ 
A3

-
 or A2

- 
A3

+
; HLA-reduced target cells with HLA BC

-
A2

-
A3

+
 (left) 605 

or HLA BC
-
A2

+
A3

-
 phenotype respectively signify a synthesized HLA match; statistical testing was 606 

done using an ordinary one-way ANOVA and Tukey's multiple comparisons test and results are only 607 
shown for selected comparisons; n=2-3 technical replicates; ns, not significant; *, P< 0.05; **, P< 0.01; 608 
***, P< 0.001; ****, P< 0.0001. b, Quantification of CD107a

+ 
NK cells (percentage of living CD56

+
 CD8

-
 609 

lymphocytes) from three different indicated donors after 5h of co-incubation with indicated target cells; 610 
n/a, not performed experimental conditions; statistical testing was done using an ordinary two-way 611 
ANOVA and Tukey’s multiple comparisons test and results are only shown for selected comparisons; 612 
n=2-3 technical replicates; ns, not significant; **, P< 0.01; ***, P< 0.001; ****, P< 0.0001. c, Expression 613 
of HLA E for target populations as assessed by flow cytometry; n/a, not performed experimental 614 
conditions; statistical testing was done using an ordinary two-way ANOVA and Tukey’s multiple 615 
comparisons test and results are only shown for selected comparisons; n=2-3 technical replicates; ns, 616 
not significant; *, P< 0.05; **, P< 0.01; ***, P< 0.001; ****, P< 0.0001. 617 
 618 
Fig. 6 | Improved functionality of HLA reduced primary human T cells in the presence of HLA 619 
mismatched T and NK cells in vivo 620 
a, Experimental setup for in vivo transfer of HLA reduced aCD19-CAR T cells; effector cells from HLA-621 
A*02

+
 donor A (same donor as in Fig. 4 and Fig. 5) were administered i.v. one day after assessment of 622 

humanization of hu-CD34 NSG-SGM3 mice; humanization was performed with cord blood derived 623 
hCD34

+
 cells from donor C, which were different from cells of donor A for every HLA class I allele 624 

except for HLA-A*02; every three days, blood samples were drawn and analyzed via flow cytometry; 625 
CAR T cells used as effector cells all received an aCD19-CAR knock-in into the endogenous TRAC 626 
gene locus and were simultaneously edited for all HLA class I alleles except for HLA*02, and were 627 
administered directly after electroporation without prior sorting. b, CD19

+
 B cells (percentage of living 628 

hCD45
+
 lymphocytes) on day 11 after administration of no cells or aCD19 CAR T cells with unedited 629 

or reduced HLA alleles into humanized mice. c, CD19
+
 B cells shown as change in percentage relative 630 

to one day prior to administration of no cells or aCD19 CAR T cells with unedited or reduced HLA 631 
alleles into humanized mice; statistical testing by ordinary two-way ANOVA and Tukey’s multiple 632 
comparisons test; n=2-3 mice; ns, not significant. d, CD19

+
 B cells (percentage of hCD45

+
 living 633 

lymphocytes) recovered in indicated organs on day 14 after aCD19 CAR T cell administration with 634 
unedited or reduced HLA alleles into humanized mice; statistical testing was done using an unpaired t-635 
test; n=2-3 mice; ns, not significant. e, Numbers of CD19

+
 B cells recovered in blood of humanized 636 

mice on day 7 after aCD19 CAR T cell administration with unedited or reduced HLA alleles, pooled 637 
data from two independent experiments (dot or diamond symbol barcode), normalized to mean of allo 638 
CAR in both experiments; statistical testing was done using an unpaired t-test; n=8 mice; *, P<0.05. 639 
Bar height indicates mean, error bars indicate SD (c-e). 640 
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Figure 4 
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Figure 6 
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