
Original Article
Engineering Tolerance toward Allogeneic CAR-T
Cells by Regulation of MHC Surface Expression
with Human Herpes Virus-8 Proteins
Xiaomei Wang,1 Fabricio G. Cabrera,1 Kelly L. Sharp,1 David M. Spencer,1 Aaron E. Foster,1 and J. Henri Bayle1

1Research and Development, Bellicum Pharmaceuticals, 2710 Reed Road, Suite 160, Houston, TX 77030, USA
Received 27 April 2020; accepted 19 October 2020;
https://doi.org/10.1016/j.ymthe.2020.10.019.

Correspondence: Aaron E. Foster, PhD, Research and Development, Bellicum
Pharmaceuticals, 2710 Reed Rd., Ste. 160, Houston, TX 77051, USA.
E-mail: afoster@bellicum.com
Correspondence: J. Henri Bayle, PhD, Research and Development, Bellicum
Pharmaceuticals, 2710 Reed Rd., Ste. 160, Houston, TX 77030, USA.
E-mail: jhbayle@bellicum.com
Allogeneic, off-the-shelf (OTS) chimeric antigen receptor
(CAR) cell therapies have the potential to reduce
manufacturing costs and variability while providing broader
accessibility to cancer patients and those with other diseases.
However, host-versus-graft reactivity can limit the durability
and efficacy of OTS cell therapies requiring new strategies to
evade adaptive and innate-immune responses. Human herpes
virus-8 (HHV8) maintains infection, in part, by evading host
T and natural killer (NK) cell attack. The viral K3 gene encodes
a membrane-tethered E3 ubiquitin ligase that discretely targets
major histocompatibility complex (MHC) class I components,
whereas K5 encodes a similar E3 ligase with broader specificity,
including MHC-II and the MHC-like MHC class I polypeptide-
related sequence A (MIC-A)- and sequence B (MIC-B)-acti-
vating ligands of NK cells. We created g-retroviruses encoding
K3 and/or K5 transgenes that efficiently transduce primary hu-
man T cells. Expression of K3 or K5 resulted in dramatic down-
regulation of MHC-IA (human leukocyte antigen [HLA]-A, -B,
and -C) and MHC class II (HLA-DR) cell-surface expression.
K3 expression was sufficient for T cells to resist exogenously
loaded peptide-MHC-specific cytotoxicity, as well as recogni-
tion in one-way allogeneic mixed lymphocyte reactions.
Further, in immunodeficient mice engrafted with allogeneic
T cells, K3-transduced T cells selectively expanded in vivo.
Ectopic K5 expression in MHC class I�, MIC-A+/B+ K562 cells
also reduced targeting by primary NK cells. Coexpression of K3
in prostate stem cell antigen (PSCA)-directed, inducible
MyD88/CD40 (iMC)-enhanced CAR-T cells did not impact
cytotoxicity, T cell growth, or cytokine production against
HPAC pancreatic tumor target cells, whereas K5-expressing
cells showed a modest reduction in interleukin (IL)-2 produc-
tion without effect on cytotoxicity. Together, these results sup-
port application of these E3 ligases to advance development of
OTS CAR-T cell products.

INTRODUCTION
Adoptive transfer of engineered cell therapies, particularly chimeric
antigen receptor (CAR)-T cell therapy, is transformative for the treat-
ment of cancer.1–6 Most CAR-T cell approaches use autologous cells,
and although clinically effective, the generation of CAR-T cells on a
patient-by-patient basis is expensive, highly variable, and unavailable
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for some patients who lack sufficient T cells or have a rapidly pro-
gressing disease. To overcome these barriers, off-the-shelf (OTS)
CAR-T cell therapies derived from allogeneic or stem cell sources
have been proposed, where banked CAR-T cells may be produced
in large numbers, qualified, and subsequently administered to multi-
ple cancer patients.7,8

Allogeneic immune reactions due to human leukocyte antigen (HLA)
disparities, either by the graft-versus-host (GvH) or host-versus-graft
(HvG), can limit OTS CAR-T cell approaches through excessive
toxicity or rapid rejection of the engineered cells. Indeed, clinical out-
comes of CAR-T cell therapy are strongly correlated with long-term
persistence of the cells,2,4,9,10 necessitating strategies to block host re-
sponses, such as ablative preconditioning,11,12 extensive HLA match-
ing,13 or by editing or suppressing major histocompatibility complex
(MHC) expression to evade host T cell responses.7,14

Viruses that establish persistent infections use elaborate mechanisms
to evade host innate and adaptive immune recognition by inhibiting
the action of complement, cytokines, and antibodies, as well as
through blocking peptide/MHC (pMHC) presentation.15–17 Human
herpes viruse-8 (HHV8; also known as Kaposi’s sarcoma-associated
herpesvirus [KSHV]) impairs MHC class I and II expression through
the actions of the viral genes K3 and K5 that encode membrane-teth-
ered E3 ubiquitin ligases that mark MHC proteins and target their
secretory and endocytic trafficking away from the cell surface to the
lysosome.18–22 The K3 and K5 protein domain architectures include
an amino-terminal RING-CH domain that catalyzes ubiquitination,
whereas a carboxy-terminal domain controls target selection. Subcel-
lular localization to the endoplasmic reticulum (ER), Golgi, and
plasma membrane and target identification are conferred by two
transmembrane domains separated by a short luminal/extracellular
linker (Figure 1A).19,23,24 K3 and K5 are the canonical members of
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Figure 1. Ectopic Expression of K3 and K5 in T Cells

(A) K3 and K5 are transmembrane E3 ubiquitin ligases that target MHC proteins for polyubiquitination and endocytic trafficking to the lysosome. N, N terminus; C, C terminus

of K3 or K5 protein. (B) Schematic retroviral vector designs: K3.myc-Qstalk encoding K3 fused with a myc tag, and Qstalk with the transgenes separated by P2A ribosomal

skipping sequences; K3.myc encoding only K3 with a myc tag. Similar vectors were prepared for K5 expression. Qstalk only was generated as the control. (C) K3 and K5

(legend continued on next page)
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the membrane-associated RING-CH (MARCH) family of E3 ligases,
of which there are 11 members encoded in the human genome and
orthologs present in poxviruses.25,26 K3 discretely targets most
MHC class I components (HLA-A, -B, -C, and -E), whereas K5
only downregulates HLA-A and -B (but not -C).21,27 K5 also has
broader specificity, including MHC class II and the MHC-like
MHC class I polypeptide-related sequence A (MIC-A) and sequence
B (MIC-B) targets of NKG2D on natural killer (NK) and cluster of
differentiation (CD)8+ T cells.28–31

In this study, we adapted the immune-evasion strategy of HHV8 to
allogeneic CAR-T cells by expressing K3 and/or K5. Transgenic expres-
sion of either gene reduced cell-surfaceMHC class I expression, and K3
expression reduced allogeneic T cell receptor (TCR)-mediated T cell
recognition and killing in cell culture models and in xenotransplanted
mice. K5 also conferred reduced allogeneic T cell and NK cell re-
sponses. Further, K3 or K5 were coexpressed together with an inducible
MyD88/CD40 (iMC)-enabled prostate stem cell antigen (PSCA)-tar-
geted CAR platform that is regulated by the synthetic-dimerizing
ligand, rimiducid (Rim).32,33 Importantly, the addition of K3 did not
significantly affect CAR-T cell activation and cytotoxicity. To further
reduce potential immunogenicity, we created a humanized K3 by re-
placing the extracellular domain with analagous residues from human
MARCH4/9, whichmaintained the functional properties (i.e., downre-
gulation of MHC class I) of the native K3 protein but removed poten-
tially immunogenic epitopes. Thus, transgenic expression of HHV8-
derived K3 can endow CAR-T cells with immune-evasion properties
that may enable OTS cell therapies.

RESULTS
K3 and K5 Downregulate MHC Class I Surface Expression in

Human T Cells

To test whether HHV8 K3 or K5 proteins could disrupt MHC class I
expression through transgenic expression, we generated g-retroviral
(g-rv) constructs to express each protein: (1) K3 or K5 tagged with
an epitope derived from human c-myc; (2) bicistronic vectors with
K3-myc and K5-myc coexpressed with a transduction marker consist-
ing of the QBEnd/10 epitope from CD34 fused with a stalk and trans-
membrane domain derived from humanCD8a (Qstalk); and (3) a con-
trol vector expressing the Qstalk marker alone. Genes in bicistronic
vectors were separated by a P2A cotranslational cleavage site derived
from porcine techovirus-1 (Figure 1B).34 Transduction efficiency and
transgenic expression of the E3 ligases and the Qstalk were efficient
from each viral vector (Figures 1C and 1D). Moreover, Qstalk expres-
sion permitted enrichment of transduced populations to 95% by posi-
tive selection with CD34 magnetic microbeads (Figure 1E).

We initially evaluated the effects of K3 and K5 expression on human
MHC-I cell-surface expression. K3- and K5-transduced T cells (as
expression in transduced T cells 9 days after transduction was probed with anti-myc

determine transduction efficiency using anti-CD34 and anti-CD3 antibodies 9 days after

modified T cells were subjected to magnetic sorting using anti-CD34microbeads. Flow c

is displayed.
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measured by CD34(Q) expression) showed markedly reduced surface
levels of class 1a MHC (HLA-A, -B, and -C) (84.5% ± 6.4% with K3
measured by reduction of mean fluorescence intensity [MFI] relative
to control [p = 0.0001] and 67.2% ± 8.0% [p = 0.0007] with K5; Fig-
ure 2A) compared to nontransduced (NT) T cells. Similarly, b2-micro-
globulin (b2-M), a marker of total MHC-I, was reduced (85.1% ± 7.6%
by K3 [p < 0.0001] and 65% ± 14.8% [p = 0.001] by K5, respectively;
Figure 2B). The surface level of the MHC class II molecule HLA-DR
was elevated by activation of peripheral blood mononuclear cells
(PBMCs) prior to transduction with g-rv encoding the Qstalk alone,
but HLA-DR expression remained low when K3 or K5 transgenes
were expressed (Figure 2C). These data indicate that transgenic expres-
sion of HHV8-derived K3 and K5 proteins can reduce MHC expres-
sion on gene-modified T cells, potentially altering immune visibility.

K3 and K5 Protect T Cells from Peptide-Specific TCR-Directed

Cytotoxicity

We next examined whether downregulation of MHC class I by K3
and K5 was sufficient to protect transduced T cells from T cell-medi-
ated immune recognition. Mock-transduced or K3- or K5-expressing
T cells were generated from an HLA-A2+ donor. Peptides bound to
MHC class I were then stripped from the T cells and replaced with
HLA-A2-restricted peptides derived from cytomegalovirus (CMV)
pp65 (NLV) or the tumor-associated antigen PRAME (SLL) as a spec-
ificity control. Concurrently, HLA-A2� T cells were transduced to ex-
press an HLA-A2-restricted, CMV-specific TCR (CMV-156; denoted
CMV), recognizing the NLV peptide epitope (Figure 3A).

Peptide-loaded T cells were then fluorescently labeled and cocultured
with the peptide-specific TCR transgenic T cells at decreasing
effector-to-target (E:T) ratios and viability determined at 24 h (repre-
sentative sample; Figure 3B). Control NLV-pulsed T cells exhibited
dose-dependent sensitivity to CMV-directed T cell killing, but K3-ex-
pressing T cells were resistant even at an E:T of 20:1 (p < 0.0001;
Figure 3C). Interestingly, K5-expressing T cells were only partially
resistant to CMV-TCR recognition (p = 0.003, two-way ANOVA).
As expected, SLL-pulsed T cells were not recognized by A2-restricted
but CMV-specific effector T cells (Figure 3D). These data are consis-
tent with the hypothesis that reduction of HLA-A2 levels by K3
expression and to a lesser extent K5 expression is sufficient to limit
recognition and cytotoxic targeting by CD8 T cells.

K3 Inhibits Allogeneic Target Recognition and Activation of

Human T Cells

We further examined the cloaking effect of K3 to allogeneic immune
responses by determining the activation state of potentially alloreac-
tive primary T cells exposed to transduced target T cells in a one-way
mixed lymphocyte reaction (MLR). MLRs were set up by mixing irra-
diated K3- or Qstalk-modified T cells (CD34+-selected T cells, n = 4;
antibody on an immunoblot. NT, not transduced. (D) Flow cytometry analysis to

transduction. (E) At day 10 post-transduction, K3.myc-Qstalk- and K5.myc-Qstalk-

ytometry analysis to test the frequency of the CD34+CD3+ population post-selection



Figure 2. K3 and K5 Downregulate T Cell Surface

Expression of MHC

K3.myc-Qstalk (K3)-, K5.myc-Qstalk (K5)-, and mock

(retroviral vector encoding Qstalk marker)-transduced

T cells were selected by magnetic sorting. Flow cytometry

analysis to determine nontransduced (NT)-, K3-, K5-, or

mock-modified T cell-surface expression of MHC class I

molecules (A) by HLA-ABC clone w6/32 antibody, (B) or

by human b2-microglobulin antibody. (C) MHC class II

surface expression was measured with antibody against

HLA-DR. Representative flow plots from two donors are

shown (left). n = 4. Paired t test was used to compare

indicated groups. **p < 0.01; ***p < 0.001; ****p < 0.0001;

NS, not significant.
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Figure 4A) with CMFDA-labeled PBMCs derived from allogeneic or
autologous donors (Figure 4B). The effect of K3 to permit target cells
to evade allogeneic T cell activation was monitored as a failure to pro-
liferate (and dilute CMFDA fluorescence over 5 days) (Figure 4C).
Consistent with MHC downregulation, K3-modified stimulator
T cells failed to activate allogeneic T cell proliferation compared
with Qstalk-modified (p < 0.001) and NT groups (p < 0.001; Fig-
ure 4D). These data support the notion that masking from T cell
recognition by K3 expression could effectively modulate allogeneic
lymphocyte responses.

K3 Expression Does Not Impair the Activation and Proliferation

of CAR-T Cells

For an allogeneic CAR-T cell therapy to incorporate an immune-
evasion strategy, it is essential that the methods to cloak MHC
identity do not impact CAR-T cell efficacy. Upon stimulation with
surface-bound aCD3 and aCD28, T cells expressing K3 or K5 were
efficiently activated (Figure 5A) and induced CD25 (Figure 5B) and
CD69 (Figure 5C) expression. Interestingly, among the activated
CD25+CD69+ T cells, K5 demonstrated an increased CD8� popula-
tion (Figure 5D).
Molec
To produce CAR-T cells, K3, K5, or Qstalk was
cotransduced with a CAR-encoding vector
(iMC-PSCA-CAR.z-CD20stalk) in which costi-
mulation of a PSCA-targeting, first-generation
CAR-T cells are regulated by rimiducid-directed
dimerization of iMC.32,33,35 These cells were
further transduced with a marker virus to ex-
press a fusion protein of GFP and firefly lucif-
erase (eGFPFFluc). Following enrichment of
CAR-T cells by selection for the CD20stalk
marker, T cells were cocultured with red fluores-
cent protein (RFP)-modified human pancreatic
adenocarinoma (HPAC) tumor cells. Control
of tumor cell expansion by K3- or K5-expressing
CAR-T cells was efficient and rimiducid stimu-
lated (Figure 5E). Further, CAR-T cell expan-
sion was robust and also stimulated by rimidu-
cid-mediated iMC activation, although less
robust with K5 versus K3 coexpression (Figure 5F). This reduced
CAR-T cell expansion did not achieve statistical significance by
two-way ANOVA but correlated with a modest but significant reduc-
tion of interleukin (IL)-2 and interferon (IFN)-g expression in K5-ex-
pressing CAR-T cell tumor cocultures (Figures S1B and S1C). We
further investigated if K3 or K5 could modulate nuclear factor kB
(NF-kB) activation when transduced into HEK293 cells containing
an NF-kB reporter. NF-kB is a key signaling pathway to drive cyto-
kine production that is activated by iMC.32,33,36 K3 expression did
not impact reporter activity, whereas K5 showed reduced NF-kB acti-
vation (Figure S1A). Furthermore, we examined the effects of cell
growth on T cells not expressing iMC or a CAR K3, K5, or the Qstalk
alone. K3 expression had no effect on cell expansion in culture when
measured by periodic cell counting (Figure S2A) or by real-time
microscopic quantitation of activated T cells in an IncuCyte chamber,
whereas K5 expression produced a modest inhibition of the growth of
the activated T cells (Figure S2B).

Generation of K3-MARCH Hybrids

Whereas K3 is primarily localized internally within the ER and Golgi,
plasma membrane expression has been observed,19 and the exposed
ular Therapy Vol. 29 No 2 February 2021 721
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Figure 3. K3 and K5 Protect T Cells from Peptide-Specific TCR-Directed Cytotoxicity

(A) Flow cytometry analysis to determine the surface expression of NLV peptide-specific CMV-156 TCR on HLA-A2� donor T cells (n = 3), 14 days post-transduction. (B–D)

K3-, K5-, or mock (Qstalk alone)-modified HLA-A2+ donor T cells, labeled with CellTracker Green CMFDA dye and pulsed with either NLV or SLL (10 mg/mL) peptides, were

cocultured with HLA-A2� donor T cells (n = 3) for 24 h at different E:T ratios. Cells were stained for viability v450, anti-HLA-A2, and subjected to flow analysis. NLV- or SLL-

pulsed T cells were first gated as CMFDA+ populations. Dead cell populations were further gated as viability dye-positive cells. Two-way ANOVA was used to determine the

differences among groups. For NLV-pulsed T cell killing (C), p < 0.0001; for SLL-pulsed T cell killing (D), not significant.
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Figure 4. K3 Suppresses Allogeneic T Cell Proliferation in a One-Way Human Mixed Lymphocyte Reaction

(A) Donor T cells (n = 4) were transduced with retroviral vector encoding Q.CD8stalk or K3-Q.CD8stalk. Transduction efficiency was determined by anti-CD3 and anti-CD34

antibodies. (B) Q.CD8stalk- or K3-Q.CD8stalk-modified T cells (stimulator) were irradiated at the dose of 25 Gy, followed by coculture with either autogeneic or allogeneic

PBMCs (responder), labeled with CMFDA green dye, for 5 days. (C) The cocultures were stained for viability and anti-CD3. Divided responder T cells were gated out as a

single, live CD3+ population with a dim CMFDA dye. (D) Representative flow plots showing divided CMFDA-labeled D874 (responder) after 5 days coculture with irradiated

D874, D749, D754, and D912 as stimulator (left). 12 allogeneic responses and 4 autogeneic responses were plotted in NT-, Q.CD8stalk-, and K3-Q.CD8stalk-modified

T cells (right). Paired t test was used to compare indicated groups. ***p < 0.001.
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K3 protein may therefore be immunogenic to the humoral compart-
ment despite evading T cell immunity. To mitigate this possibility, we
also generated chimeric proteins in which the 13 amino acid surface-
exposed linker between the transmembrane domains of K3 were re-
placed with linker sequences derived from the related human
MARCH proteins (Figure 6A). T cells expressing a K3-MARCH4
hybrid exhibited downregulation of surface MHC class I, whereas
K3-MARCH1 and K3-MARCH2 hybrids failed to do so (Figures
6B and 6C). In the case of K3-MARCH1, this may have been due
to poor expression or structural constraint introduced by this linker
(Figure 6D). Replacement of amino acids in the MARCH4 linker
with residues in the MARCH9 linker (Figure 6E) further optimized
the K3-MARCH hybrid’s efficacy for MHC class I blockage (Figures
6F and 6G).

K3 Expression Enhances T Cell Persistence In Vivo

To determine if K3 or K3MARCH4/9 expression could allow T cells
to resist allogeneic attack in vivo, we performed a modified MLR in
xenotransplated mice. 8 � 106 fresh human PBMCs were transferred
into immune-deficient NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG)
mice37 together with 2 � 106 Qstalk-only control-, K3-, or
K3MARCH4/9-modified T cells derived from a separate donor. The
gene-modified T cells were cotransduced with an orange-Nanolan-
tern-Renilla luciferase (ONLRluc) marker construct, and their persis-
tence was monitored over time by bioluminescence imaging (BLI).
Both K3- and K3MARCH4/9-modified T cells demonstrated growth
and enhanced persistence in the presence of an allogeneic immune
system relative to cells expressing only the Qstalk (Figures 7A and
S3; p < 0.05). After 3 weeks, mice were sacrificed, and human cell pop-
ulations were isolated from bone marrow and spleen (Figure 7B).
Populations of human cells marked with ONL human CD (hCD)45+

mouse CD (mCD)45�hCD3+ONL+ T cells were readily detected from
the spleen and bone marrow of mice transplanted with K3- or
K3MARCH4/9-modified T cells, but cells expressing only the Qstalk
were absent (Figure 7C). The selective expansion and persistence of
K3-expressing T cells in the presence of an allogeneic immune system
supported the hypothesis that these cells evaded alloimmune recogni-
tion and attack.

K5 Expression Reduces Targeting by NK Cells

NK cells determine which cells to target through a complex integra-
tion of receptor-mediated activating and inhibitory signals. MHC
class I interaction with inhibitory killer-immunoglobulin receptors
(KIRs) inhibits NK cells, whereas interaction with stress-induced li-
Figure 5. K3 and K5 Effects on T Cell Activation and CAR-T Cell Function

(A) Activated T cells were transduced with Qstalk alone (mock), K3, or K5. The cells were

antibodies. Transduced T cells were gated as live CD3+CD34+ populations. T cell act

Proportions of CD3+CD8� or CD3+CD8+ in CD25+CD69+ populations were determined.

triple transduced with retroviral vectors: one vector encoding Q.CD8stalk (mock), K3 (K3

DCD20; and a third vector encoding eGFPFfluc. The cells were selected with anti-CD2

gene-modified T cells at the ratio of 1 to 10 for 7 days in the presence or absence of 1 n

were measured by live-cell imaging in an IncuCyte imaging incubator. Two-way ANOVA

and K5-modified CAR-T cells either with Rim or without Rim. p > 0.05, not significant.
gands, including MIC-A, MIC-B, activation-induced C-type lectin
(AICL), and UL16 binding proteins (ULBPs) on virus-infected and
transformed cells, drives NK cell targeting.38,39 Hypothetically, down-
regulation of MHC class I by K3 and K5 could therefore lead to NK
cell targeting; however, K5 also drives endocytosis of MIC-A, MIC-B,
and AICL.30,31,38 To assess the potential blockage of NK targeting by
K5 expression, K562 erythroleukemia cells were transduced with g-rv
expressing K3 or K5 or a tricistronic vector expressing both K3 and
K5 with the Qstalk marker (Figures 8A and S4A). K562 cells are ca-
nonical NK target cells that lack all MHC class I expression and abun-
dantly express NK-activating ligands. Human NK cells were isolated
from PBMCs of four donors, activated with IL-15, and cocultured
with K562 cells at increasing E:T ratios. At ratios of 2:1 or 1:1, K5-ex-
pressing target cells resisted NK-directed killing, whereas K3-express-
ing cells were less resistant (Figures 8B and 8C). Expression of K5 pro-
tected marked, transduced cells from NK cell cytotoxicity relative to
NT cells within the same population (Figures 8D–8F), and interest-
ingly, expression of both K3 and K5 from a tricistronic vector simi-
larly protected only the transduced cells (Figures S4B–S4D).

T cells expressing K3 and thereby losing MHC class I expression
become better substrates for attack by NK cells than T cells expressing
the Qstalk alone (Figure S5). However, in cocultures of NK cells with
T cells transduced with K5, in which caspase-3 or -7 activation was
monitored in real time through release of a fluorescent DNA-binding
dye, apoptosis induction was diminished relative to K3-expressing
cells (Figure S5A). Importantly, coexpression of K5 with K3 also
blocked the targeting of NK cells (p < 0.00001, two-way ANOVA).
Similarly, Annexin V positivity in transduced T cells cocultured
with NK cells was also blocked by K5 expression (p < 0.01, paired t
test; Figures S2B and S2C).

DISCUSSION
Development of OTS approaches will increase the scalability of CAR-
based cell therapies toward the burden of cancer incidence. However,
use of standardized donor-derived cells must overcome the host im-
mune rejection of allogeneic implants. We present a method in which
disruption ofMHC expression is achieved at the protein level through
the expression of factors that are easily included with CAR-expressing
viral vectors. Many genes have evolved to encode products specifically
to minimize viral immune recognition by T and NK cells. To mimic
these biological effects, K3 and K5 from HHV8 were evaluated in this
study due to their well-defined substrate specificity andmechanism of
action. E3 ligases use a discrete targeting of a natural ubiquitination
stained for viability dye, anti-CD3, anti-CD34, anti-CD25, anti-CD69, and anti-CD8

ivations were measured by (B) CD25+ percentage and (C) CD69+ percentage. (D)

Paired t test was used to compare indicated groups. *p < 0.05. (E and F) T cells were

-Q.CD8stalk), or K5 (K5-Q.CD8stalk); a second CAR-encoding vector iMC-PSCA.z-

0 magnetic beads. PSCA-expressing HPAC.RFP target cells were cocultured with

M rimiducid (Rim). Tumor cell-killing (RFP, red) and T cell (EGFP, green) proliferation

was used to compare tumor killing (E) and T cell proliferation (F) among mock-, K3-,
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process that may be less likely to alter T cell physiology than other
viral mechanisms for evasion of MHC-antigen presentation, such as
alteration of peptide processing, alteration of G protein signaling,
or ER retention.40

Other approaches to reduce immune rejection of allo-CAR-T and
CAR-NK cells can be developed. For example, matching of 7/8 or
8/8 alleles for HLA-A, -B, -C, and -DRB1, as recommended for suc-
cessful allogeneic stem cell transplantation, may be effective but will
require elaborate qualification and banking of products if also applied
to allogeneic CAR products.41 Gene editing combined with lymphoid
ablation can increase CAR-T cell persistence but also subverts the
anti-tumor effects of the host’s system, and conditioning regimens
already used to promote engraftment also increase the incidence of
opportunistic infection.42 Targeted disruption of the b2-M gene
with site-directed nucleases can block all MHC class I expression
but also makes cells more susceptible to NK cell targeting. Further
methods to replace b2-M expression with HLA-E (or potentially
HLA-G) cDNAs may block both NK and T cell immunogenicity.7,14

While ingenious, the successful editing of multiple genetic loci (b2-M,
TRAC, HLA-D, etc.), while also introducing CAR constructs, pre-
sents challenges for manufacturing and qualification of CAR-T or
CAR-NK cell banks for OTS use with the added safety concern of ge-
netic mistargeting by the nuclease. An interesting, aggressive alterna-
tive to immune evasion does not evade allogeneic attack by host cells
but instead redirects CAR-T cells to attack activated host NK and
T cells.43

We found that K3 expression removes surface expression ofMHC class
I by approximately 20-fold, which was sufficient to block T cell recog-
nition under conditions that confer very high specific peptide loading
toHLA-A2 on control effector cells and in which effector cells express a
pMHC-specific TCR. Of the two proteins tested, K5 was less efficient in
MHC class I downregulation than K3. This finding correlates with the
breadth of the described substrate specificities of these E3 ligases and
perhaps their role in the HHV8 life cycle.20 K3 targets all classical
MHC-I molecules (and the invariant NK T cell [iNKT] ligand
CD1d) and is expressed early in the lytic cycle, whereas K5 is expressed
later and is selective for HLA-A, HLA-B, but not HLA-C or HLA-E,
which are ligands for NK inhibitory receptors KIRDL4 and NKG2A,
respectively.20,38 We observed that K5 was less efficient than K3 for
MHC class I downregulation. Based on the substrate specificity of
K5, we may ascribe retained low levels of surface MHC class I in K5-
expressing cells to HLA-C or HLA-E expression.
Figure 6. Analysis of K3-MARCH Hybrid Proteins

(A) Depiction of hybrid K3 proteins in which extracellular amino acids were derived fr

Q.CD8stalk is at the right. (B) NT, wild-type K3, K3MARCH1, K3MARCH2, and K3MAR

antibodies. b2-microglobulin with reduced surface-expression cell populations were g

human b2-microglobulin cell-surface expression. Paired t test was used to compare ind

K3-MARCH chimeric protein expressions with anti-myc antibody in transduced T ce

K3MARCH9, and K3MARCH4/9 extracellular domain sequences and expression in gen

class I surface expression in NT, wild-type K3, or various versions of K3MARCH chimeric

and (G) anti-human b2-microglobulin.
The observation of similarly reduced MHC class II levels with K3
and K5 expression in T cells was surprising based on previous ob-
servations supporting K5 but not K3 as the primary regulator of
HLA-D.44,45 The observation of MHC class II blockage by K3
was supported by reduction of allogeneic recognition by both
CD4+ and CD8+ T cells in MLR assays. Although K3 appears to
be an ideal agent for the evasion of T cell allogeneic targeting, it
is less efficient at protecting K562 cells (an ideal target) against
NK cell attack, whereas K5 expression conferred a protective ef-
fect. Together, we propose that the most effective immune-evasion
strategy for allogeneic cell therapies against lymphoid targeting
may incorporate both K3 and K5. Whereas exposure of the foreign
viral antigens themselves to T cell immunity is presumably solved
by MHC downregulation, the linker between the two domains can
remain exposed to the humoral compartment. This concern is
mitigated by the replacement of the linker with human MARCH
protein sequences that retain the K3 function. In fact, overexpres-
sion of MARCH4, MARCH8, or MARCH9 may also confer an
attractive alternative immune-evasion strategy, although the
potentially diverse targeting of other cellular programs may impact
deleteriously CAR-T cell functionality and would require rigorous
examination.

We have demonstrated that K3 and/or K5 can function in CAR-T
cells. Our currently favored CAR platform integrates a 1st-generation
CAR together with iMC, which comprises a fusion of the signaling
domains of MyD88 with those of CD40, together with two copies
of FKBP12 mutated to valine at position 36 to confer allele-specific
dimerizing interaction with rimiducid.46–48 MyD88/CD40 signaling
drives robust proliferation, persistence, cytokine production, and
augmented cytotoxicity in T and NK cells, and dimerization of iMC
with rimiducid makes this signaling tunable on demand.32,49

Addition of K3 and/or K5 to this platform makes feasible allogeneic
sourcing of T or NK cells for CAR-based therapy with enhanced
persistence. Despite the latent nature of iMC-expressing CAR-T cells
in the absence of rimiducid, protection from persistent allogeneic
CAR cells following cancer therapy can be further augmented by in-
clusion of a second, orthogonally regulated proapoptotic safety
switch, such as rapamycin-inducible caspase-9 (iRC9).33 Together,
these components represent an advance in the development of OTS
CAR-based therapies, but the utility of K3/K5 (perhaps together
with inducible caspase-9 switches) can be applied to increase persis-
tence of diverse allogeneic cell therapies without compromising
safety.
om human MARCH proteins. Schematic diagram of retroviral vector K3MARCH-

CH4 gene-modified T cells were stained with anti-CD34 and anti-b2-microglobulin

ated. (C) Transduced T cells first gated as CD34+ populations were assessed for

icated groups. *p < 0.05; **p < 0.01. (D) Immunoblot analysis of wild-type or various

lls. (E) Wild-type K3, K3MARCH4, K3MARCH4-1, K3MARCH4-2, K3MARCH4-3,

e-modified T cells determined by immunoblot analysis for anti-myc. (F and G) MHC

proteins as accessed by flow cytometry with (F) anti-human HLA-ABC clone w6/32
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Figure 7. K3-Modified T Cell Persistence in a Mixed Lymphocyte Reaction In Vivo

K3-, K3MARCH4/9-, or Qstalk-modified T cells (2� 106) were labeled with ONL and mixed with freshly isolated human PBMCs (8� 106) derived from a different donor. The

cells were cotransplanted into NSG mice. (A) Gene-modified T cell persistence in vivo was monitored by IVIS imaging weekly. Two-way ANOVA was used to determine the

differences among groups, p < 0.05. 18 days postengraftment, spleen and bone marrow were harvested. (B) Gene-modified T cells were identified as live single cells,

hCD45+mCD45�hCD3+ONL+ populations and (C) quantified. Multiple t tests were used to determine the differences among groups. Only comparisons of hCD3+ONL+ cell

counts in bone marrow of mice derived from Qstalk and K3MARCH4/9 groups were significant, p < 0.05.
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MATERIALS AND METHODS
Cell Lines, Media, and Reagents

HEK293T, K562, and HPAC were purchased from ATCC (Manassas,
VA) and maintained in media recommended by the supplier. PBMCs
were isolated by a density-gradient technique (Lymphoprep; Accurate
Chemical & Scientific, Westbury, NY) from buffy coat blood obtained
from the Gulf Coast Blood Bank (Houston, TX). T cells generated from
PBMCs were cultured in 45% RPMI 1640; 45% Click’s media (Invitro-
gen, Grand Island, NY), supplemented with 10% fetal bovine serum
(FBS); 1% penicillin-streptomycin (pen/strep); 2 mM GlutaMAX;
5 ng/mL recombinant human IL-15; and 15 ng/mL recombinant hu-
man IL-7 (Miltenyi Biotec, San Diego, CA). Clinical-grade rimiducid
was diluted in ethanol as a 100-mM stock solution for in vitro assays.
Human NK cells were isolated from peripheral blood buffy coats by se-
lection with CD56-coated magnetic beads (Miltenyi Biotec) and stim-
ulated for 1 day with recombinant human IL-15 before culturing with
gene-modified K562 cells prepared by transduction with g-rvs.

Retroviral and Plasmid Constructs

Bicistronic SFG-based retroviral vectors were generated encoding
KSHV K3 or K5 tagged with a myc epitope, together with a surface
marker Q.CD8stalk comprising a signal peptide, two human CD34
QBEnd/10 minimal epitopes, the CD8a stalk, and a transmembrane
domain. The SFG retroviral vector containing only K3 with a myc
tag or containing K3.myc, TCRe, TCRz, and Q.CD8stalk separated
by P2A and T2A was also made. These retroviral vectors were gener-
ated using appropriate restrictive enzyme digestion methods to insert
synthetic DNA (Integrated DNA Technology, San Diego, CA) encod-
ing indicated sequences. For K3-MARCH chimeric constructs, syn-
thetic DNA (Integrated DNA Technology) encoding MARCH1, -2,
or -4 extracellular sequences flanked by K3 transmembrane sequences
wasGibson assembled (NewEngland Biolab, Ipswich,MA)with pSFG-
K3-Q.CD8stalk vector digested by BstZ171 and NruI. K3MARCH4-1
to -3, K3MARCH9, and K3MARCH4/9 constructs were generated us-
ing PCR-based methods using K3March4 as a template.

Generation of Gene-Modified T Cells

Retroviral supernatants were produced by transient transfection of
293T cells as previously described.32 T cells made from PBMCs
were activated by anti-CD3/anti-CD28 antibodies, followed by trans-
duction use of retronectin (Takara Bio, Mountain View, CA) and
spinfection. For double transduction, T cells were transduced at day
3 and day 4 after activation. On day 14, transduced T cells were har-
vested for use. In certain experiments, T cells were also transduced
with SFG-eGFP-firefly luciferase (eGFPFfluc) for labeling.
Figure 8. K5 Expression Reduces Targeting by NK Cells

(A) Depiction of targeting of NK-activating ligands, such as MIC-A, for ubiquitination and

Qstalk alone or coexpressing K3 or K5. These K562 populations were cotransduced to

K562 cells were cocultured with freshly isolated human peripheral blood NK cells at decr

of luciferase activity of NT K562 cells at an E:T of 10:1. Multiple t tests were used to comp

(D) Mixed populations of transduced (marked with CD34Q) and NT K562 cells were cocu

F) Plot of loss of viability of the K562 cell expressing Qstalk alone or K5-Qstalk agains

experimental populations as (E). Two-way ANOVA was used to determine the differenc
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Immunoblotting

Details of immunoblotting were described previously.50 Antibody
specific for myc (9E10) was purchased from Cell Signaling Technol-
ogy (Danvers, MA). Anti-b-actin antibody was purchased from
Sigma-Aldrich (St. Louis, MO).

Immunophenotyping

Gene-modified T cells were analyzed for K3 or K5 transgene expres-
sion 10–14 days post-transduction by using anti-CD3-peridinin chlo-
rophyll protein-cyanine (PerCP-Cy)5 and anti-CD34-phycoerythrin
(PE) antibodies (Abnova, Walnut, CA). To detect surface MHC class
I gene expression, K3- or K5-modified T cells were also stained with
anti HLA-ABC w6/32-allophycocyanin (APC)-Cy7 or anti-human
b2-M-APC antibody. Gene-modified T cells were also analyzed for
CD8, CD25, and CD69. All antibodies were purchased from Bio-
Legend (San Diego, CA) except as stated otherwise. Flow cytometry
was performed using a Gallios (Beckman Coulter) flow cytometer,
and the data were analyzed using Kaluza (Beckman Coulter) software.

SRa-Secreted Alkaline Phosphatase (SeAP) Assay

The effect of K3 and K5 on NF-kB activity was assessed using an
SRa-SeAP assay.33 Briefly, HEK293 cells were cotransfected with
1 mg of K3 and K5 or mock (control plasmid containing the same
Q.CD8stalk) and the SRa-SeAP reporter plasmid. 24 h later, the cells
were collected and seeded onto a 96-well plate in triplicate. A small
portion of the cells was analyzed by flow cytometry for transfection
efficiency. The next day, after the plate was heat inactivated at 68�C
for 1 h, supernatants were transferred into a black 96-well plate
(Greiner) containing 1 mM 4-methylumbelliferyl phosphate (MUP)
substrate diluted in 2 M diethanolamine (pH 10.0). The plate was
incubated at 37�C for 30 min, followed by fluorescence reading
excited at 355 nm and emitted at 460 nm.

Cytokine Production

The effects of K3 or K5 on CAR-T cell antigen-specific cytokine pro-
duction were analyzed by enzyme-linked immunosorbent assay
(ELISA) using kits (eBioscience, San Diego, CA) with the manufac-
turer’s protocol.

Cytotoxicity and Coculture Assays

ATCR recognizing the HLA-A2-restrictedNLV peptide from the pp65
protein ofHCMV51,52was clonedusing theGeneRacer kit from Invitro-
gen (Carlsbad, CA) from oligoclonal T cells generated after 4 rounds of
stimulation with peptide-pulsed autologous PBMCs. The following
gene-specific primers (Sigma-Aldrich, The Woodlands, TX) were
endocytosis by K5. (B) Flow cytometry identifying K562 cells transduced to express

express an eGFP-firefly luciferase fusion reporter (see Figure S4C). (C) Transduced

easing E:T ratios for 24 h. Specific lysis was calculated in relation to the average level

are the difference between the mock- and K5-modified group. *p < 0.05; **p < 0.01.

ltured with NK cells for 3 days. Viability was determined by CMFDA exclusion. (E and

t a decreasing number of NK cells. (F) Killing of Qstalk-K562 cells within the same

es among groups, p < 0.01 (E); p = 0.68 (F).
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used for the rapid amplification of cDNA ends (RACE) PCR: TCRa
C-region primer: 50-TCAGCTGGACCACAGCCGCAGC-30; TCRb
C1-region primer: 50-TCAGAAATCCTTTCTCTTGACCATGGC-30;
TCRb C2-region primer: 50-CTAGCCTCTGGAATCCTTTCTC
TTG-30. The coding sequence for the a and b chains of the CMV-spe-
cific TCRwas codon optimized, synthesized as gBlocks, and cloned into
the SFG retrovirus (in the order TCRa-2A-TCRb).

To access potential protective effects of K3 and K5 on TCR-medi-
ated cytotoxicity, coculture assays were performed. Donor PBMCs
were first sorted as HLA-A2+ donors and HLA-A2� donors by
flow cytometry analysis. HLA-A2� donor PBMCs (effector) were
activated and transduced with the g-rv vector encoding the CMV
TCR (156). HLA-A2+ donor PBMCs were transduced with the
retroviral vector encoding K3myc-Q.CD8stalk and K5myc-
Q.CD8stalk or a vector encoding Q.CD8stalk (mock). K3-, K5-, or
mock-modified T cells were then pulsed with either the NLV peptide
derived from the CMV pp65 matrix protein or the SLL (PRAME
specific) peptide (10 mg/mL) at 37�C for 1 h, followed by CellTracker
Green CMFDA dye (8 mM) labeling at 37�C for 30 min. The cells
were washed and cocultured with HLA-A2� donor T cells modified
with CMV TCR at various E:T ratios for 24 h. The cocultures were
harvested and stained for viability v450, anti-HLA-A2, and sub-
jected to flow cytometry analysis. NLV- or SLL-pulsed T cells
were first gated as CMFDA+ populations. Dead cell populations
were further gated out as viability dye-positive cells (peptide-pulsed
T cell killing %).

Additional coculture assays were used to determine the effects of K3
and K5 on the tumor-killing efficacy of CAR-T cells. Activated
T cells were triple transduced with the first retroviral vector encod-
ing mock (retroviral vector encoding Q.CD8stalk), K3myc-
Q.CD8stalk, or K5myc-Q.CD8stalk; a second retroviral vector en-
coding iMC.CAR(PSCA).z.DCD20; and a third retroviral vector en-
coding eGFPFfluc for labeling. Control T cells were only transduced
with eGFPFfluc. Gene-modified T cells were selected for CD20 using
Miltenyi microbeads following the manufacturer’s protocol and
then cocultured with HPAC RFP cells for 7 days. Tumor cell growth
(RFP, red) and T cell proliferation (eGFP, green) were monitored by
real-time fluorescent microscopy (IncuCyte; Essen BioScience). For
cocultures utilizing NK cells, PBMCs from different donors were
incubated with magnetic aCD56 beads (Miltenyi Biotec) and
selected using the manufacturer’s protocol. In T cell cocultures,
NK cells were first activated by IL-15 (15 ng/mL) for 1 day and
then stimulated with magnetic beads conjugated with IL-21 and
4-1BBL for 3 days prior to inclusion in cocultures. NK cells used
in K562 cocultures were activated with IL-15 but not further acti-
vated with beads.

One-Way MLR

Activated donor T cells were transduced with retroviral vector encod-
ing Q.CD8stalk or K3-Q.CD8stalk. The gene-modified T cells were
irradiated at a dose of 25 Gy as to produce stimulator cell populations,
followed by coculture with either autogeneic or allogeneic PBMCs
(responders), labeled with CMFDA green dye previously. The MLR
cocultures were performed by seeding responder cells with stimulator
cells at the ratio of 1 to 5 in a round-profile, 96-well plate with a final
volume of 200 mL medium for 5 days and then stained for viability
and anti-CD3. Divided responder T cells were gated as a single, live
CD3+ population with a dim CMFDA dye. 12 allogeneic responses
and 4 autogeneic responses were recorded in NT-, Q.CD8stalk-,
and K3-Q.CD8stalk-modified T cells.

In Vivo MLR

Human PBMCs were isolated from a buffy coat, obtained from the
Gulf Coast Blood Bank, by a density-gradient centrifugation (Lym-
phoprep; Accurate Chemical & Scientific, Westbury, NY). Qstalk-,
K3-, or K3MARCH4/9-modified T cells derived from a different
donor were also transduced with a retroviral vector encoding
ONLRluc to enable in vivo tracking of T cells. NOD.Cg-Prkdcscid

Il2rgtm1Wjl/SzJ (NSG) mice (Jackson Laboratory, Bar Harbor, ME)
were engrafted with 2� 106 gene-modified T cells and 8� 106 fresh
PBMCs by intravenous (i.v.) injection into the tail vein. In vivo T cell
persistence was measured by BLI following intraperitoneal (i.p.) in-
jection of 150 ng Coelenterazine-h (Perkin Elmer, Waltham, MA)
and imaged using an In Vivo Imaging System (IVIS). Photon emis-
sion was analyzed by whole-body region of interest (ROI), and the
signal was measured as average radiance (photons/second/square
centimeter/steradian). Endpoint analysis involved fluorescence-
activated cell sorting (FACS) analysis of splenocytes and bone
marrow. Animal studies were performed in the Bellicum Pharma-
ceuticals American Association for Accreditation of Laboratory An-
imal Care (AAALAC)-approved vivarium and were approved by the
Bellicum Pharmaceuticals Institutional Animal Care and Use
Committee.

Statistics

All statistical tests (noted in figure legends) were carried out and
analyzed using GraphPad Prism software (version 8.0; GraphPad).
Data are presented as means ± SEM. All t tests were two tailed. All
ANOVAs were two way. p Values of less than 0.05 were considered
significant.
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