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Abstract

Chimeric antigen receptor (CAR)-T cells have demonstrated clinical potential, but current

receptors still need improvements to be successful against chronic HIV infection. In this

study, we address some requirements of CAR motifs for strong surface expression of a

novel anti-HIV CAR by evaluating important elements in the extracellular, hinge, and trans-

membrane (TM) domains. When combining a truncated CD4 extracellular domain and

CD8α hinge/TM, the novel CAR did not express extracellularly but was detectable intracellu-

larly. By shortening the CD8α hinge, CD4-CAR surface expression was partially recovered

and addition of the LYC motif at the end of the CD8α TM fully recovered both intracellular

and extracellular CAR expression. Mutation of LYC to TTA or TTC showed severe abro-

gation of CAR expression by flow cytometry and confocal microscopy. Additionally, we

determined that CD4-CAR surface expression could be maximized by the removal of

FQKAS motif at the junction of the extracellular domain and the hinge region. CD4-CAR sur-

face expression also resulted in cytotoxic CAR T cell killing of HIV Env+ target cells. In this

study, we identified elements that are crucial for optimal CAR surface expression, highlight-

ing the need for structural analysis studies to establish fundamental guidelines of CAR

designs.

Introduction

Chimeric antigen receptors (CAR) are recombinant fusion proteins designed to mimic T cell

receptor signaling and redirect immune functions against desired antigens [1, 2]. CARs have

the advantage of bypassing canonical MHC presentation and restrictions on T cell stimulation
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[3, 4]. The structure of a CAR has four major components: an extracellular antigen recognition

domain(s), a hinge region, a transmembrane domain to anchor the receptor to the cell surface,

and intracellular signaling domains to drive cell activation and confer immune function. T

cells derived from patient blood and engineered with CARs have been used to successfully tar-

get tumor antigens, as seen by the high reduction in remission rates reported against hemato-

logical cancers such as acute lymphoblastic leukemia and non-Hodgkin lymphomas [5–12].

However, despite the progress that has been made in treating hematological malignancies,

many challenges remain for successful CAR T cell therapy of solid tumors and chronic HIV

infection [13, 14].

To improve the efficacy of CAR T cells in these fields, novel CAR structures are being

designed and evaluated. These often include the generation of new extracellular domains [15–

18], hinge regions taken from different receptors [19, 20], swapping transmembrane domains

or intracellular domains [21, 22], and even arming CARs with cytokine receptors or knocking

out PD-1 expression [23–25]. In the instance of HIV immunotherapy, anti-HIV CAR T cells

were first designed with the full-length whole CD4 extracellular domain linked to an intracel-

lular TCRz chain [16, 26–33]. The full-length CD4 extracellular domain was originally chosen

because of its inherent advantage of recognizing the primary receptor-binding site on HIV

envelope glycoproteins, which must be retained on all clinical HIV-1 variants [34–37]. Since

then, researchers have developed a truncated version of CD4 containing only immunoglobulin

domain 1 and 2 (D1D2) to improve CAR safety while retaining CD4 binding affinity to HIV

envelope glycoprotein [38]. This is achieved because HIV envelope glycoprotein binding to

CD4 only requires D1D2 whereas the immunoglobulin domains 3 and 4, lacking in the novel

CD4 CAR extracellular domain, are involved in CD4 oligomerization for stable binding to the

MHC class II molecule [39–41]. Therefore, D1D2 CD4 CAR have reduced potential off-target

effects compared to whole CD4 CARs. Furthermore, other anti-HIV CARs demonstrated that

swapping CD4-CAR transmembrane domain (TM) for CD8α TM domain decreased CAR

homology to the HIV cellular receptor and reduced the susceptibility of CD4- expressing CAR

T cell to HIV infection [42].

Although some of the latest strategies look promising, one potential reason why anti-HIV

CARs have yet to show clinical benefits is because some of the domains incorporated in the

new CAR structures have motifs whose biochemical function and structural importance are

still poorly understood and can dramatically affect the success of a CAR strategy. In the present

study, we first attempted to generate a novel CD4 based CAR that combined the truncated

CD4 D1D2 extracellular domain with the innovative CD8α TM to improve the safety and effi-

ciency of anti-HIV CAR. We observed a lack of surface detection by flow cytometry and confo-

cal microscopy but determined that the CAR was synthesized and detectable intracellularly.

Through a series of rescue vectors, this study identified specific CAR elements that are crucial

for optimal CAR surface expression and maintained cytolytic activity. Our findings illustrate

the need for thorough analysis of the CARs structure to help establish fundamental guidelines

of CAR designs that will help the field generate effective therapies.

Results

Newly designed D.66.α CD4-CAR is not detectable on the cell surface

despite being synthesized

In an attempt to combine two CAR structural domains within the same chimeric protein, we

generated a retroviral vector (D.66.α) using the truncated CD4 extracellular domain contain-

ing immunoglobulin domains 1 and 2 (D), based on the HIV Env binding domain [38, 43]

and the structural domains in the GenBank database [44], linked with a 66 amino acid hinge
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(D.66) and TM domain from CD8α (α), based on other CAR vectors [38, 42] and the CD8α
reference sequence [45] (Fig 1). The rationale is to shorten the vector and to reduce infection

of the CAR cells. The 66 aa hinge uses the complete CD8a extracellular domain up to the cyste-

ine in the IgV domain [45]. Our goal was to compare retroviral expression of D.66.α and

Fig 1. Schematics representing the CAR vector maps for each of the major constructs used in this study. CD4 extracellular

domain is designated as domain 1 and 2 (yellow), and domain 3 and 4 (orange). Black hinge and TM indicate a CD28 origin;

red hinge and TM indicate CD8α origin. Intracellular domains are indicated at the top. Vectors were named based on

extracellular configuration, length of hinge, transmembrane domain used, and motifs included.

https://doi.org/10.1371/journal.pone.0293990.g001
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C.39.28, a full-length CD4 extracellular domain (C) with a 39 amino acid hinge (39) and TM

domain from CD28 (28) that has known surface expression and functional capabilities [27, 29,

46].

Retroviral transduction of HEK 293T cells produced various clones with integrated CAR

vector (S1A Fig); however, CD4 surface expression of the newly generated D.66.α CAR was

not detectable by flow cytometry. In contrast, CD4 surface expression was robust with the

C.39.28 CAR (Fig 2A). To eliminate the possibility that the vector failed to express because of a

possible defect in vector integration or viral particle production, HEK 293T cells were trans-

fected by calcium phosphate method with the same vectors. Similar to the transduction experi-

ment, cells transfected with C.39.28 expressed CD4 CAR on the surface while cells transfected

with D.66.α did not (Fig 2B). The lack of surface detection in the D.66.α CAR was verified by

staining with an anti-Myc antibody (S1B and S1C Fig). Furthermore, proviral vector DNA was

detectable in individual transduced clones by qPCR; however, these clones did not have detect-

able CAR surface expression (S1A Fig).

Since the newly designed D.66.α CAR was integrated in the host genome of transduced

cells but was not detected on the surface by either transduction or transfection, we hypothe-

sized that the CAR protein was being synthesized but not express on the cell surface. To dem-

onstrate that CAR was being synthesized, we generated bicistronic vectors to express a second

gene encoding a green fluorescence protein (GFP) (S1D Fig). GFP was chosen as a reporter

gene because its detection via flow cytometry does not require surface expression but only its

Fig 2. Novel D1D2 CAR is not expressed on the cell surface but the protein is synthesized. A. Representative flow cytometry plots of CD4 CAR expression on

the surface of vector-transduced HEK293 T cells. In contrast to the C.39.28 CAR vector, no surface expression was detected on cells transduced with D.66.α. B.

Representative flow cytometry plots of CD4 CAR expression on the surface of HEK293 T cells transfected by calcium-phosphate method. No surface expression

was detected on cells transfected with D.66.α. C. Representative flow cytometry plots of CD4 CAR expression on the surface of vector-transduced HEK293 T cells

(x axis) and GFP expression from the second gene (y axis). Dual CD4 CAR and GFP expression was observed with positive control C.39.28-GFP but not with D.66.

α-GFP. D. Histogram representing the frequency of transfected HEK 293T cells expressing surface CD4 CAR-GFP in 3 experiments from Fig 2C. Statistical

analysis was performed as unpaired parametric two-sample t test; a significant difference in intracellular detection was observed between groups (** = p�0.01).

https://doi.org/10.1371/journal.pone.0293990.g002
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translation. After transfection with D.66.α-GFP, GFP expression was detected in cells, but

CAR surface expression was still not detected. In contrast, cells transfected with C.39.28-GFP

expressed both CD4 CAR and GFP (Fig 2C and 2D). Since the bicistronic D.66.α-GFP vector

included a TPT2a domain to ensure that both proteins were synthesized en block [47], these

results suggested that the D.66.α CAR was being synthesized but not expressed on the cell

surface.

D.66.α TM CAR is expressed intracellularly but not on the cell surface

Once we established that the D.66.α CAR protein was being synthesized but still lacked surface

expression, we set out to determine if we could detect intracellular expression of the CAR with

the same antibody that showed robust surface detection of the C.39.28 CAR. Therefore, we

adopted our intracellular staining protocol to detect CD4 CARs and observed intracellular

expression of the D.66.α CAR in transfected HEK 293T cells (Fig 3A). However, there was sig-

nificantly less intracellular expression of D.66.α than C.39.28 (Fig 3A and 3B). This difference

in intracellular and extracellular expression was also observed when overall data for

Fig 3. D1D2 CAR is detected intracellularly but not on cell surface. A. Representative flow cytometry plots of CD4 CAR intracellular expression in transfected

HEK293 T cells. Reduced but significant intracellular expression of D.66.α was detected compared to C.39.28 vector. B. Histogram representing the frequency of

transfected HEK 293T cells expressing surface CD4 CAR (red filled triangle) and intracellular CD4 CAR (blue circle) expression. Significant difference in CAR

detection was observed between the vectors (p<0.0001). No significant difference in surface and intracellular-expressing cells was detected for the positive control

C.39.28 (p = 0.191). Significant difference between surface and intracellular expression was observed in the D.66.α CAR (p = 0.0066). C&D. Scatter plot for

CD4-CAR expression in transfected HEK 293T cells when monocistronic and bicistronic vectors are grouped. Robust detection of C.39.28 was observed on the

surface and intracellularly (p = 0.098). Significant, but comparatively reduced detection of intracellular D.66.α expression was observed with no surface expression

(p = 0.0002). E. Images of CAR-transfected HEK 293T cells taken by confocal microscopy. Blue is TO-PRO-3 representing nuclear stain; green is CD4-CAR; and

red is caveolin representing the plasma membrane. C.39.28 CAR staining shows green expression above the red stain and around the cell, suggesting surface

expression. D.66.α CAR staining shows green expression surrounded by red, suggesting intracellular expression only.

https://doi.org/10.1371/journal.pone.0293990.g003
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monocistronic and bicistronic CARs were combined (Fig 3C and 3D). Therefore, these results

confirmed that D.66.α lacked surface expression but was detectable intracellularly.

Finally, to confirm the CAR expression results observed by flow cytometry, HEK 293T cells

transfected with either D.66.α or C.39.28 CAR were evaluated by confocal microscopy using

the same anti-CD4 antibody. Confocal microscopy images showed that C.39.28 CD4-CAR

(green) was detectable around and beyond the caveolin-stained plasma membrane (red),

whereas the D.66.α CD4-CAR stained below the cell membrane (Fig 3E). Consequently, these

results complement our findings by flow cytometry.

Extracellular CD4 domain is not involved in inhibiting new CAR surface

expression

Once it was confirmed that the new D.66.α CD4-CAR was synthesized and detectable intracel-

lularly but without stable cell surface expression (Fig 3), we investigated the structural reasons

behind the lack of CAR surface expression. Compared to C.39.28, which strongly expressed

extracellularly and intracellularly, the D.66.α CAR had three major modifications; (i) the full-

length CD4 extracellular domain was truncated to immunoglobulin domains 1 and 2, (ii) the

length of the hinge, and (iii) the hinge and the TM domains were changed to CD8α hinge and

TM domain respectively. As a result, D.66.α had a longer hinge (66 amino acids from CD8α
compared to the 39 amino acids present in the CD28 hinge). In addition, there were several

other modifications that were added (including a Myc tag) but did not impact CAR surface

expression (S2A and S2B Fig).

To determine if the defect causing the lack of CAR surface expression was found in the

truncated extracellular domain, we compared the D1D2 sequence [44] with other D1D2

sequences used in other CD4-CARs and soluble CD4 inhibitors (1–183 aa) [38, 43]. Our CAR

terminated at the end of immunoglobulin domain 1 and 2 [44], while other D1D2 CAR

domains (D*) incorporated the first 5 amino acids (FQKAS) of domain 3 [38] (Fig 1). Never-

theless, addition of the FQKAS motif to our non-expressing D.66.α CAR (D*.66.α) did not

recover surface expression (S2C and S2D Fig). In fact, there were no differences in extracellu-

lar or intracellular expression between D.66.α CARs with or without FQKAS added to the end

of the D1D2 (S2C Fig).

To further understand if the extracellular domain was inhibiting CAR surface expression,

the entire hinge and CD8α transmembrane domain of the D*.66.α CAR was replaced with the

same shorter CD28 hinge and CD28 TM (D*.39.28) as in C.39.28 (Fig 1). Results showed that

when the CD28 hinge and TM domain were included, the D*.39.28 recovered CAR surface

expression compared to D*.66.α (p = 0.01) (S2C Fig) suggesting that the D1D2 CAR with a

shorter hinge (39 base pair of CD28 instead of 66 bp of CD8α) and CD28TM recovered CAR

surface expression compared to its predecessor (p = 0.01) (S2C Fig). Additionally, overall CD4

expression with the D*39.28 CAR was still reduced compared to C.39.28. These results were

confirmed by confocal microscopy, where expression of the D*39.28 (green) is visible on and

around the plasma membrane of cells (red) while expression of the D*.66.α CAR is only visible

within the cell membrane (S2D Fig). These data highlighted that the major issue preventing

CAR surface expression was not in the truncated CD4 extracellular domain but found in the

hinge and transmembrane domain region.

Hinge length partially affects CAR surface expression

To test if the hinge length was responsible for the lack of CAR surface expression, we shortened

the hinge of the non-surface expressing D*.66.α CAR from 66 amino acids (aa) to 45 aa

(D*.45.α, Fig 1), as previously published [42]. This removed the framework domain 4 (FR4) to
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the cysteine disulfide bond of the IgV region of CD8α [20]. Interestingly, shortening of the

CD8α hinge from 66 to 45 aa resulted in partial recovery of CAR surface expression while

maintaining the same level of intracellular detection (Fig 4A). Although surface CD4 detection

of D*.45.α CAR was robustly increased compared to D*.66.α, it was deemed partial because it

was still significantly lower than D*39.28 CAR (Fig 4A and S2C Fig). These results suggested

that a longer hinge length and a portion of the IgV domain contribute to the inhibition of

CAR surface expression.

Fig 4. Shortening of the CD8α hinge length and LYC motif are required for D1D2 CAR surface expression. A. Histogram representing the frequency of

transfected HEK 293T cells expressing surface CD4 CAR and intracellular CD4 CAR for the various vectors. Positive CAR detection was observed on the surface of

cells transfected with a shorter hinged CAR (p = 0.01); however, expression was still reduced compared to control CAR (p = 0.002). Intracellularly, there was no

change in CAR detection between long and short hinge (p = 0.227). Enhance frequency of CAR surface detection was observed on cells transfected with CAR that

included the LYC motif (p = 0.05); however, expression was significantly reduced if the construct containing a LYC motif also included a longer CD8α hinge

(p = 0.02). B. Histogram representing the frequency of HEK 293T transfected with CARs containing the longer CD8α hinge to eliminate any variability/benefit

given by a shorter CD8α hinge. When LYC motif was mutated to TTA or TTC, total CAR expression was significantly reduced (p = 0.01 and p = 0.03) and more

intracellular CAR expression than surface expression (p = 0.04). C. Images of CAR-transfected HEK 293T cells taken by confocal microscopy. Blue represents

TO-PRO-3 nuclear staining; green represents CD4-CAR staining; and red represents caveolin plasma membrane staining. Differences in confocal surface CAR

detection were observed, with D*.66.αLYC expressed on the cell surface but D*.66.αTTA and D*.66.αTTC confined intracellularly. Statistical analyses were done using

unpaired parametric two-sample t-test.

https://doi.org/10.1371/journal.pone.0293990.g004
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Both the presence of the LYC motif at the end of CD8αTM and shortened

hinge are responsible for recovering CAR surface expression

Since shortening of the hinge only partially, but distinctively, recovered CAR surface expres-

sion, we hypothesized that there must be a second defect, likely found in the CD8α transmem-

brane domain (TM), that prevents robust CAR surface detection. Proteomics analysis of the

CD8α TM sequence in the D*.45.α CAR, compared to the CD8α TM sequence found in other

published CARs [42], revealed a difference at the end of the TM; specifically, it included LYC,

the first 3 amino acids of the CD8α intracellular domain in the CD8αTM reference sequence

used in our CARs [45]. Addition of the LYC motif at the end of CD8αTM (D*.45.αLYC)

strongly recovered CAR surface expression to levels similar to D*.39.28 (Fig 4A and S2C Fig).

Therefore, these results demonstrated that the addition of LYC motif from the beginning of

the intracellular domain was crucial for robust CAR surface expression.

To determine if the LYC motif alone was sufficient to recover CAR surface expression, the

45-aa hinge on D*.45.αLYC (which expressed on the surface) was replaced with the 66 aa hinge

found on non-surface expressing CARs (Figs 1 and 4A). Transfection with D*.66.αLYC resulted

in significant reduction of CAR surface expression but intracellular expression was compara-

ble to D*.45.αLYC (Fig 4A). These results demonstrated the importance of CD8α hinge length

for CAR surface expression and showed that both a shorter CD8α hinge and the addition of

LYC motif at the end of CD8α TM are required to increase surface CD4-CAR expression.

To further understand the importance of the LYC motif, we took the D*.66.αLYC, which had

strong intracellular expression but reduced extracellular expression, and mutated the LYC motif

to TTA or TTC to contrast the possible biochemical interactions of the residues (Figs 1 and 4B).

Interestingly, mutating the LYC motif at the end of CD8α TM to TTA and TTC abrogated CAR

surface expression, but also significantly reduced intracellular CAR expression (Fig 4B). There-

fore, these experiments further highlighted the importance of the LYC motif for proper CAR

detection. Results were also confirmed by confocal microscopy, where mutating the LYC motif

distinctively resulted in a complete loss of CAR surface expression, as CAR expression with the

TTA and TTC variants were confined to the intracellular compartment (Fig 4).

The extracellular FQKAS motif reduces CAR detection

To investigate why the D1D2 CD4-CAR variations that strongly recovered surface expression

(mainly D*.39.28 and D*.45.αLYC) were still not as efficiently and broadly expressed as the

full-length extracellular domain CD4 construct C.39.28, we removed the FQKAS domain from

D*.45.αLYC to produce a D.45.αLYC CAR (Fig 5). Interestingly, removal of the FQKAS domain

at the end of the extracellular domain 2 recovered the same level of efficient CAR expression as

C.39.28 in transfected HEK 293T cells (Figs 5 and 6). Therefore, our results suggest that the

presence of FQKAS reduced overall CAR expression, both extracellularly and intracellularly.

Recovered CAR expression restored cytotoxic CAR T cell activity

Once we recovered surface expression of D.45.α to a level similar to C.39.28, we compared the

functional activity of these vectors as well. Since cytotoxic killing is one of the main read out of

CAR T cell ability, we compared cytotoxic ability of D.45.α to C.39.28 CAR T by co-incubating

cells with HIV+RFP+ U1 target cells (Fig 7). While untransduced T cells demonstrated limited

killing ability at various E:T ratios, D.45.α CAR T cell exhibited similar levels of target killing

as C.39.28 CAR T cells (Fig 7). Therefore, our data demonstrates that the 2 CAR vectors with

similar surface expression also maintained CTL activity, the primary CAR T cell functional

activity.
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Discussion

Overall, our study started by evaluating a novel CD4-CAR design that lacked surface expres-

sion but showed intracellular expression, as determined by intracellular and extracellular CAR

staining, GFP expression, and confocal microscopy. To understand why the newly designed

D.66.α CAR did not express CD4 on the cell surface, our study took a systematic approach to

determine the CAR domain(s) affecting surface detection. Multiple combinations but not all

variations of the binding domain, hinge, and TM domain were evaluated to understand spe-

cific components. In doing so, we investigated both the biochemical and spatial requirements

of various receptors motifs; an aspect of CAR biology that is still generally poorly understood

by the field. Our various CAR modifications identified the CD8α hinge and TM region as the

main determinants in CAR expression. Shortening of the hinge from 66 to 45 amino acids (aa)

partially recovered CAR surface expression, with addition of the LYC motif on the inside of

the CD8α TM enhanced both intracellular and extracellular CD4 expression. In experiments

where LYC from the CD8α intracellular domain was deleted or mutated to TTA or TTC, both

extracellular and intracellular CAR expression were severely reduced by flow cytometry and

confocal microscopy. Furthermore, we determined that CD4-CAR surface expression is maxi-

mized by removing the motif FQKAS from the end of the truncated CD4 D1D2 extracellular

Fig 5. FQKAS motif hinders but does not inhibit CAR surface expression. Histogram representing the proportion

of transfected HEK 293T cells expressing surface CD4 CAR and intracellular CD4 CAR. Positive CAR expression was

observed on the surface of all transfected cells, but the frequency was significantly higher in vectors that did not

incorporate FQKAS (p = 0.006). Statistical analysis was done using unpaired parametric two-sample t-test.

https://doi.org/10.1371/journal.pone.0293990.g005
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domain. Taken together, our results showed that both biochemical and structural motifs for

the CAR receptor were necessary for strong CAR surface expression. Finally, we determined

though our cytotoxic assay that new CAR vector resulted in CAR T cell killing activity.

The new vectors were designed to reduce the homology of the extracellular CD4 domain

while maintaining binding affinity to HIV envelope gp120. The natural CD4 extracellular

domain is composed of 4 immunoglobulin (Ig) domains with the N-terminal domain 1 (D1)

binding to HIV-1 envelope and soluble D1D2 protein inhibiting viral replication [48]. We

eliminated 189 aa from the CD4 (D3D4) and linked the D1D2 Ig domains with the 66- or

45-aa extracellular hinge and TM domain from the CD8α receptor. The 66-aa CD8α hinge

includes sequences up to the conserved cysteine necessary for the CD8α IgV loop, whereas the

45-aa hinge excludes components of the CD8 IgV domain [45]. We also included 5 aa from

D3 (FQKAS) in some vectors as other have previously reported [38]. Since the hinge length

and/or sequence may also play a role in processing and stability, presentation of the binding

domain, and functional activity, we compared efficacy of the various CAR configurations.

Additionally, as others have shown [42], we found that D1D2-CARs with CD8α TM domain

reduced the susceptibility of CD4-expressing CAR T cell to HIV infection (S4 Fig).

Our vector analysis, and the generation of variant CARs, brought to light the requirement

for the LYC motif to be considered with the CD8α TM domain. Even the earliest mentions of

Fig 6. Summary graphic of variant CAR surface expression. Data analysis was based on the relative surface expression of positive

control, whole CD4 CAR. Addition of LYC motif and shortening CD8α hinge each partially recovered CAR surface expression,

which was enhanced when both modifications were combined. Removal of motif FQKAS improved CAR surface expression to

maximal levels seen in the positive control.

https://doi.org/10.1371/journal.pone.0293990.g006
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the LYC motif, found when CD8α (then known as LYT-2) was cloned [49–51], was predicted

to be part of the transmembrane domain since it preceded a stretch of 28 basic amino acids

[52]. Some TM prediction programs also calculate that the LYC will be a part of the TM

domain (S1 Table). However, current models of the crystal structure predict that the α-helix in

the TM precedes LYC and that the LYC motif is part of the CD8α cytoplasmic domain [45].

Interestingly, this motif is evolutionarily conserved across species such as human and rat [53].

Additionally, the LYC motif is at the end of CD8α exon 4, which also indicates its evolutionary

linkage to the TM domain [45]. It remains clear from our experiments that the LYC motif is

required for proper receptor surface expression as CARs that lacked this motif had very signifi-

cantly reduced surface expression. In addition, mutation of the LYC motif resulted in abro-

gation of surface and intracellular CAR detection. We chose to mutate LYC to TTA and TTC

because we aimed to contrast the function of the amino acid residues in LYC. If leucine is a

hydrophobic amino acid; then one of its less, but still polar equivalents, is threonine. Further-

more, mutating tyrosine to threonine would remove the aromatic ring and a potential tyrosine

phosphorylation site, which could potentially dominate the interaction. Lastly, cysteine was

mutated to alanine because their molecular structures are similar while replacing the func-

tional polar CH2-SH group with a non-polar CH3. Importantly, the cysteine 206 (C206) in

motif LYC of the CD8α gene is necessary for palmitoylation [45], which is involved in the asso-

ciation of membrane proteins and plays an important role in subcellular trafficking [54].

Therefore, in the TTC variant, the cysteine was maintained to determine if its biochemical

function was crucial for processing. Since mutating LYC to either TTA or TTC resulted in loss

of both extracellular and intracellular CAR expression, it may be that the mutated double thre-

onine affected the proper helix conformation of the upstream transmembrane domain or

Fig 7. Cytolytic activity of CAR T cells. Primary human T cells were transduced with select vectors and incubated for 24 hours with

HIV+ target cells at different E:T ratios. Untransduced T cells showed limited cytotoxic abilities whereas T cell transduced with D.45.

αLyc showed similar killing capacity as the full length CD4 CAR C.39.28.

https://doi.org/10.1371/journal.pone.0293990.g007
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affected protein trafficking. In support of our data, studies that included only the amino acids

LY at the CD8α TM also showed surface expression of a CAR [19, 20], which indicates this

motif is important for surface expression. In our experiments, CARs lacking or with a mutated

LYC motif had reduced extracellular and intracellular expression, suggesting that its role with

CD8α TM is more complex than membrane trafficking or surface stability. We would predict

that modification of the LYC domain on the inside of the TM domain would affect cell mem-

brane localization for other CAR vectors, independent of the target, and including scFv-based

CAR vectors to tumor antigens.

Aside from the CD8α transmembrane domain, our findings on the length requirements of

CD8α hinge for proper CAR expression aligns with that of other studies [19, 20, 55]. The

importance of CD8α hinge for receptor surface expression has also been highlighted by other

groups; the Williams laboratory synthesized a construct encoding the Ig-like domain of rat

CD8α without the CD8α hinge and showed the construct did not express in transfected CHO

cells [53]. In our study, CARs with the complete 66 aa CD8α hinge (even with the motif LYC

present) showed reduced cell surface expression compared to CARs with a shorter 45 aa hinge.

In its natural conformation, CD8α has a hinge of 48 aa [53] with 10 aa in the last β strand and

19 aa in the complimentary determining region 3 loop up to the conserved cysteine in the Ig

domain. Therefore, the longer 66 aa encompassed part of the IgG-like extracellular structural

domain of CD8α, which could have affected CAR surface expression due to misfolding. It is

important to note that other hinge domains found on anti-HIV CARs are shorter (CD4 hinge

(23 aa), CD28 hinge (39 aa), 50 aa [19]) than the natural CD4 receptor, which has 197 aa (187

aa in D3D4 plus 11 aa) linking D1D2 to the TM region. While hinge length may play a role in

CAR function, we would also predict hinge domains that incorporate part of the functional

domain (ie, an Ig domain) would be less stable and less efficiently expressed on the surface

than without these extra domains. In a different CAR construct, expression on the cell surface

was detected with a 49 aa CD8α hinge [19]. Based on the observation that changes in the TM

affected CAR surface expression levels but did not affect CAR mRNA level or total amount of

CAR protein, Fujiwara et al. concluded that CD8α hinge affected the transport efficiency of

CAR proteins to the cell membrane and that TM regulated the membrane surface stability of

CAR [19]. Although both of our studies observed hinge lengths and TM-associate motifs

affecting CAR surface expression, our study goes a step further by detecting CAR intracellu-

larly, which allowed us to observe that increasing CD8α hinge length resulted in loss of CAR

surface expression but not intracellular expression (Fig 4). Instead, mutation or deletions of

motifs affecting the CD8α TM caused loss of both surface and intracellular expression (Fig 4).

While more experiments would be necessary to define the mechanisms that affect CAR surface

expression, our data suggest that hinge length restriction may affect stable surface expression

whereas the transmembrane domain affects protein folding, transport efficiency, or protein

degradation. These general observations would apply to many CAR vectors using CD8 hinge

and TM domains.

It is thought that the efficient protein transport through the secretory pathway depends in

part on protein folding into a stable structure [56]; and that membrane transport of a CAR is

speculated to depend on the folding of its extracellular domain [57]. FQKAS is a motif of 5 aa

found at position 204–208 of CD4, which coincides with the beginning of domain 3 but is not

part of domain 2 [44, 58]. Therefore, it is possible that the reason we detected less surface

expression in functional CARs containing the FQKAS motif at the end of immunoglobulin

domain 2 is because its presence negatively affects protein folding (Figs 5 and 6). In addition,

as removing FQKAS recovered full expression of the rescued D.45.αLYC, it is conceivable that

removal of FQKAS from D*.39.28 would have helped recovered expression levels similar to

those achieved with the CD8α TM CAR or the full CD4 extracellular domain (C.38.28). This
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finding is of considerable impact for any CAR generated to have only immunoglobulin

domain D1 and D2 of CD4 as extracellular domain, especially since the original published

CAR sequence included an FQKAS motif [38], which could lower the surface expression of

CARs. Even though FQKAS is present in CARs using the full-length CD4 extracellular

domain, its presence as a separate entity removed from the rest of a stable structure or a com-

pleted domain could affect protein folding and result in lower surface CAR expression.

In either case, expression of CD4 CAR on T cells demonstrated functional activity and were

able to kill HIV Env+ cells. These assays demonstrate in vitro function, but do not necessarily

indicate in vivo control of viral replication. Multiple other factors; such as the configuration of

the intracellular signaling domains, the memory phenotype of the CAR T cell, the cytolytic

rate and efficiency, the level of antigen expression, homing of the CAR T cell to HIV reservoir,

the frequency of actively infected cells; could influence the in vivo functional activity necessary

for clinical success [16, 59]. Additional modifications to the CAR vector [60, 61], the signaling

domains [42, 62–65], and/or the target cell population [65–69] may increase proliferative

potential or overcome inhibitory signals [70–72]. Furthermore, it may be very difficult to dis-

tinguish in vitro functional activity of the different various CAR constructs and configurations,

or to predict based on the in vitro assays which CAR construct will prove efficacious. Preclini-

cal animal studies, particularly in the non-human primate model [70, 73–77], are essential to

determine the efficacy of CAR T cells to control viral replication.

At its core, this study underlines the importance of understanding the biochemical struc-

tures of various receptor domains as they are evaluated for CAR expression and their subse-

quent effect on CAR functional activity. Here, like in many CAR structures, the D.66.α CAR

was based on the CD4 and CD8 reference sequences; however, these CARs may not account for

the possible downstream repercussion of domains and adjacent motifs with various functions

as these structures may affect processing and surface expression of different CAR constructs.

In conclusion, by evaluating the mechanisms by which a novel CAR lacked surface expres-

sion, this study identified CAR elements in the CD4 extracellular domain, the hinge length,

and the CD8α TM region that affect CAR surface expression. These findings not only show-

case the importance of understanding how CAR domains and motifs interact within the struc-

ture of a receptor, but they also highlight the cellular biochemical machinery that effectively

guides successful CAR expression and CAR T cell strategy. Understanding the principles dom-

inating the expression of natural receptors are necessary to generate effective therapies. Thus,

these results contribute to these fundamental guidelines for CAR designs to improve current

CAR strategies.

Material and methods

Vector preparations

Vector backbone was shared across all CAR variants used in this study. Briefly, multiple modi-

fications were done to a Moloney Murine Leukemia Virus (MoMLV)-derived vector system

including Simian Virus 40 ori/T antigen-mediated episomal replication in packaging cells,

replacement of the MoMLV 5’ U3 promoter with a series of stronger composite promoters,

and addition of an extra polyadenylation signal downstream of the 3’ long terminal repeat

[78]. Variant inserts were synthesized according to the provided amino acid sequences (S1

Table) and cloned by GeneArt (Regensburg, Germany).

Virus production and transduction

HEK 293T cells were grown in DMEM (Gibco Life Technologies, Grand Island, NY) supple-

mented with 10% fetal calf serum (Gibco Life Technologies), 1% Penn Strep (Gibco Life
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Technologies), 2 mM GlutaMax (Gibco Life Technologies), and 25 mM HEPES buffer (Gibco

Life Technologies). To generate retroviral particles, HEK 293T cells (1 x107 cells) were plated

in D10 media and co-transfected after 18 hours with expression vectors encoding 2 μg VSV

glycoprotein, 4 μg MLV Gag/Pol, 4 μg of Rev, and 26 μg the pSRC transfer vectors using cal-

cium phosphate co-precipitation according to manufacturer’s recommendations (Thermo-

fisher Scientific, Waltham, MA). Supernatant was collected from transfected HEK 293T after

48 hours, filtered through 0.45 μm nylon syringe filters, and stored at −80˚C.

For transduction, a single cell suspension of HEK 293T cells (0.5x106) were resuspended 2

mL of viral particle supernatant for E:T of 2:1 with 8 μg/mL of Polybrene (Millipore Sigma,

Burlington, MA), maintained in at 37˚C for 4 hours, and mixed every 20 minutes. Afterwards,

cells were plated in a 6-well plate with viral particle supernatant. Media was changed to D10

after 48 hours and cells were cultured for at least another 72 hours before functional assays.

Vector integration qPCR

Genomic DNA was isolated from transduced HEK 293T cells using the NucleoSpin Tissue

Genomic DNA Isolation Kit (Macherey Nagel, iDuren, Germany). For detecting the CAR2

sequences, the forward primer (5’-GCAAGCATTACCAGCCCTAT-3’) and reverse primer

(5’-GTTCTGGCCCTGCTGGTA-3’) had a final concentration of 400 nM, while the Probe

(5’ 6FAM-ATCGCTCCAGAGTGAAGTTCAGCA-BHQ 3’) had a final concentration of 200

nM, in 25 μL reaction using Taqman Universal Mastermix (Applied Biosystems, Carlsbad,

CA) with 100 ng genomic DNA. qPCR was run on Thermofisher 7900HT with the following

cycle conditions: 50˚C for 2 min, 95˚C for 10 min, and 40 cycles of 15 sec at 95˚C followed by

64˚C for 1 min. To determine copy number, a standard curve was generated consisting of 101

to 106 plasmid copies. Each experimental sample, standard, and NTC was evaluated in

triplicate.

Transfection for functional analysis

To evaluate expression of the CAR vectors, cells transfected directly with the retroviral expres-

sion plasmid by calcium-phosphate co-precipitation according to the manufacturer’s protocol

(Thermofisher Scientific). Briefly, HEK 293T cells (0.75 x106) were plated in 6-well plates over-

night at 37˚C and 5%CO2. Four hours before transfection, fresh D10 media was exchanged.

After 4 hours, the cells were transfected with 10 μg of respective pSCR-CAR plasmid using cal-

cium-phosphate co-precipitation. After 24 hours, an aliquot of cells was taken for confocal

microscopy experiments; if need be, media was changed, and cells were incubated at 37˚C

with 5% CO2 in incubator for another 24 hours. Cells processed for flow cytometry 48 hours

after the initial transfection.

Flow cytometry

CD4 CAR surface expression was monitored with mouse anti-human CD4-PE, clone RPA-T4

(Biolegends, San Diego, CA), because its epitope is found within the first two domains of CD4.

Cells were also stained with a live/dead discriminator dye using the aqua dead cell stain kit

(Thermofisher Scientific). Staining protocol was as follows: 2 x106 cells were washed in PBS

and stained with live/dead dye according to manufacturer recommendation at RT in the dark

for 20 min. For surface staining, cells were then washed with PBS containing 2% fetal bovine

serum (FBS) and stained with PE anti-CD4 for 20 min at RT in the dark. Afterwards, cells

were washed and fixed with 1% PFA in PBS overnight. For intracellular staining, cells were

stained with the live/dead dye, fixed and permeabilized for 20 min with BD Cytofix-Cytoperm

and washed according to the manufacturer’s protocol (BD Biosciences, San Jose, CA). Next,
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cells were stained with PE anti-CD4 for another 20 min at RT in the dark. Cells were washed

in PBS and fixed with PBS in 1% PFA overnight. Sample acquisition was performed either on a

LSR II (BD Biosciences), LSRFortessa (BD Biosciences), or FACSymphony flow cytometer

(BD Biosciences). After gating on live, singlet, a dump channel, and the lymphocyte scatter

gate, CD4 detection by PE was assessed. Data was analyzed using FlowJo software (FlowJo

LLC, Ashland, OR) and graphed with GraphPad Prism 8 software (GraphPad Software, San

Diego, CA).

Confocal microscopy

On day 1 post-transfection, 1x105 HEK 293T cells were plated on each respective well of a 4 well

chamber slide (Thermofisher Scientific) and incubated overnight at 37˚C with 5% CO2. The

next morning, cells were washed with warm phosphate buffered saline (PBS) and fixed for 30

minutes in 2% paraformaldehyde (PFA) at room temperature. After washing, cells were incu-

bated with 100 mM glycine diluted in PBS +10% normal goat serum (NGS) + 0.02% fish skin

gelatin (FSG) + 0.01% triton X100 (TX100) for 20 minutes to block residual PFA. All washes

and antibody incubations were done on a rotator platform at room temperature. Cells were

washed 3 times in PBS-NGS-FSG-TX100 and incubated for 1 hour with mouse anti-human

CD4, clone RPA-T4 (1:100 Invitrogen). Washes were done prior to and following a 1-hour incu-

bation with goat anti-mouse Alexa Fluor 488 (1:1000 Life Technology). Cells were left in wash

media overnight at 4˚C. The following day, this procedure was repeated using rabbit anti-Caveo-

lin (1:100 Millipore Sigma), and goat anti-rabbit Alexa Fluor 568 (1:1000 Life Technology).

Prior to imaging ToPro3 (1:2000 Life Technology), was used to label cellular nuclei. Imaging

and image processing was done with a Leica DMi8 (Leica Microsystems, Wetzlar, Germany).

Retroviral-like particle generation and concentration

HEK 293 T cells were transfected by calcium-phosphate method using vectors pSRC-CAR2

and pSRC-D45a with accessory envelope plasmid pCMV-VSV-G and a packaging plasmid

pCMV-Gag/Pol as previously described [78]. Vector particles contained in 10 mL conditioned

supernatant from the transfected cells were concentrated through a PEG-mediated precipita-

tion method and resuspended in 100 μl PBMC supplemented with 2% BSA and used to trans-

duce target cells.

PBMC transduction and expansion

Human peripheral blood mononuclear cells (PBMCs) are isolated from blood samples Gulf

Coast Regional Blood Bank, Houston, TX) through ficoll-based density gradient centrifuga-

tion, and stimulated and expanded with the T Cell Activation/Expansion Kit (Miltenyi Biotec,

Cat No. 130-091-441) according to the vendor’s manual. Three days following the stimulation,

1x106 cells were transduced with the retroviral vectors by resuspending the cell pellet in 100 μl

expansion medium and 100 μl concentrated vector. The cell suspension was loaded into Retro-

nectin-coated 24-well plates and incubated at 37˚C, 5% CO2 for 60 minutes. Subsequently, 1.0

mL cell expansion medium was added to each well and the plate was then centrifuged at 500

xg for 60 minutes at 30˚C. After the centrifugation, the transduced PBMC were cultured at

37˚C, 5% CO2 in humidified incubator, according to the manufacture’s protocol [78].

Cytotoxic assay

A target HIV envelope positive cell line was stably transduced with a replication-defective len-

tiviral vector expressing the envelope gene, as well as accessary genes of tat, rev, vpu, and a
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mRFP reporter gene fused with a puromycin resistant selection marker. Following transduc-

tion, the cells were cultured with 2.0 μg/mL puromycin for one week to select for transduced

cells. Cytotoxicity assays were performed in 24 well plate with total cell number of 2.4 x106

cells per well. For the assay with an effector to target ratio of 1:5, 0.4 x106 transduced PBMC

were mixed with 2.0 x106 cells of the target cells; for the assay with an effector to target ratio of

1:1, 1.2 x106 transduced PBMC were mixed with 1.2 x106 cells of the target cells; for the assay

with an effector to target ratio of 5:1, 2.0 x106 transduced PBMC were mixed with 0.4 x106

cells of the target cells. The cell suspensions were centrifuged at 550 xg for 5 minutes at 4˚C,

and then resuspended in 1.0 mL T cell expansion medium with 5 μl anti-CD107α-BV785 anti-

body, inoculated into a 24 well plate and incubated at 37˚C cell culture incubator for 24 hours.

Following the 24-hour incubation, the cells were resuspended in 50 μl PBS with 2% BSA

and stained with 5 μl anti-CD8-FITC, anti-CD4-PCR-Cy5.5, anti-CD3-APC-H7 antibodies

and L/D-BV510 for 30 minutes at 4˚C, washed and resuspended using PBS, fixed with 1% par-

aformadehyde in PBS, and analyzed on the Fortessa Flow Cytometer. Analysis of cytotoxicity

was done through analyzing ratio of dead cells among the mRFP positive target cell

populations.

Statistics

In vitro CAR expression significance was detected using an unpaired two-sample t test com-

paring 2 groups at a time (CAR vs. CAR extracellular or intracellular). Significant results are

reported on each figure (p values: >0.05, *�0.05, **�0.01, ***�0.0001). Analysis was per-

formed on GraphPad Prism 8 software.

Supporting information

S1 Fig. Despite CAR DNA vector integration, D1D2 CAR is not detected on the cell sur-

face. A. Histogram representing qPCR results and CAR DNA copy number in transduced

HEK293 T cells. B. Representative flow plots showing surface detection of CAR by anti myc-

tag antibody transfected HEK293T cells. C. Representative flow plots showing surface detec-

tion of CAR by anti-CD4 antibody in transfected HEK293T cells. D. Vector map representing

the bicistronic GFP constructs.

(TIFF)

S2 Fig. ECD and intracellular signaling domains (ISD) are not responsible for the total

inhibition of CAR surface expression. A. Schematic diagram representing the CAR vector

maps for the constructs used in this study (along with D*.39.28 in Fig 1). B. Histogram repre-

senting the proportion of transfected HEK 293T cells expressing surface CD4 CAR and intra-

cellular CD4 CAR for constructs with variation in ISD or Myc Tag. Positive CAR detection

was observed on the surface of all C39-28-CARs but on none of the D66α CARs, suggesting

ISD and Myc tag had no effects on CAR surface expression. C. Histogram representing the

proportion of transfected HEK 293T cells expressing surface CD4 CAR and intracellular CD4

CAR for various CARs. Positive CAR detection was observed intracellularly but not on the cell

surface of HEK293T cells transfected with both D66α and D*66α CARs. In addition, no signif-

icant difference in expression was detected across groups with or without the FQKAS motif

(p = 0.911). Robust surface detection was observed in D*39–28 but not in D*66α (p = 0.01).

No significant difference was observed in intracellular CAR detection between the two vectors

(p = 0.359). Statistical analysis was done using unpaired parametric two-sample t-test. D.

Images of CAR-transfected HEK 293T cells taken by confocal microscopy. Blue is TO-PRO-3,

representing nuclear stain; green is CD4-CAR; and red is calveolin, representing the cell
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membrane. Differences in confocal surface CAR detection were observed, with D*66α lacking

surface expression but not D*39–28.

(TIFF)

S3 Fig. C39.28 and D.45.αLYC CAR expression in human T cells. Rhesus PBMCs were stimu-

lated with CD3/CD28 beads plus 100 IU/ml IL-2 and exposed to viral supernatant with Retro-

nectin. Cells were expanded and stained for flow cytometry. CD3+CD8+ T cells were gate and

CAR expression was assessed with a human specific CD4 antibody (clone RPA-T4). These

data show that between 27%-38% of the T cells expressed the CAR.

(TIFF)

S4 Fig. CD4-CAR expression but not D1D2 increases infection with HIV-1. Line graph of

HIV-1 viral replication as measured by HIV-1 p24 Gag production. HEK293T cells were

untransduced or transduced with the full-length CD4-CAR vector (C.39.28) or the D1D2 trun-

cated variant with 45 aa hinge and TM domain from CD8a including the LYC intracellular

sequences (D.45.αLYC). Cells were challenged with HIV-rfp. After Day 1, Day 3, Day 5, and

Day 7; culture supernatants were collected for analysis of p24 Gag production by ELISA. As

expected, the untransduced HEK293T cells are not susceptible to HIV-1 infection. When

HEK293T cells are expressing the full-length CD4 (C.39.28), they support HIV-1 viral replica-

tion; however, HEK293T cells expressing D1D2 with the CD8a hinge/TM domain (D.45.αLYC)

do not support viral replication.

(TIFF)

S1 Table. Sequence alignment of the D1D2 CAR inserts with the full-length C.39.28 CAR

vector. Domains are color coordinated; signal peptide (yellow), D1D2 EC domain (light blue),

D3D4 Ec domain (light gray), CD28 EC, TM, or IDC (Red), CD8a hinge (green); CD8a TM

(bold black), 4-1BB ICD (green), CD3 zeta IDC (gray). Dots represent sequences identical to

the C.39.28; hyphens represent sequence gaps. TM prediction of CD8 hinge, CD8 TM, CD28

ICD.

(DOCX)

S2 Table. Primer sequences used for construction of the different CAR3s using the splicing

by overlap extension technique.

(DOCX)
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