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ABSTRACT 27 

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) with CCR5-negative donor cells 28 

thus far is the only treatment known to cure HIV-1 in patients with underlying malignancy. This is 29 

likely due to a donor cell-mediated graft-versus-host effect targeting HIV reservoirs. Allo-HSCT 30 

would not be an acceptable therapy for most persons living with HIV due to the transplant-related 31 

side effects. Chimeric antigen receptor (CAR) immunotherapies specifically traffic to malignant 32 

lymphoid tissues (lymphomas) and in some settings are able to replace allo-HSCT. Here we 33 

quantified the engraftment of HSC-derived, virus-directed CAR T-cells within HIV reservoirs in a 34 

macaque model of HIV infection, using novel immunohistochemistry assays. HSC-derived CAR 35 

cells trafficked to and displayed multilineage engraftment within tissue-associated viral reservoirs, 36 

persisting for nearly 2 years in lymphoid germinal centers, the brain, and the gastrointestinal tract. 37 

Our findings demonstrate that HSC-derived CAR+ cells reside long-term and proliferate in 38 

numerous tissues relevant for HIV infection and cancer. 39 

  40 
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INTRODUCTION 41 

Hematopoietic stem and progenitor cell (HSPC) transplantation has emerged as a promising 42 

approach to achieve a functional HIV cure, largely due to the clinical cases of the “Berlin 43 

Patient” and the “London Patient”(1, 2). Each patient received HSPCs from donors who were 44 

homozygous for a naturally occurring 32-base pair deletion in the CCR5 gene (CCR5∆32), 45 

resulting in a truncated protein that is not expressed on the cell surface. The sustained viral 46 

remission in these patients following withdrawal of suppressive antiretroviral therapy is likely 47 

due to a combination of: i) the conditioning regimens which enabled rapid, complete donor 48 

chimerism and which may also have cleared a portion of latently infected host cells; ii) graft-49 

versus host-mediated elimination of latently infected host cells during donor cell engraftment 50 

(frequently referred to as “Graft-versus-Virus” or “Graft-versus-Reservoir”); and, iii) near-51 

complete replacement of the host immune system with homozygous CCR5∆32 donor cells, 52 

conferring resistance to CCR5-tropic HIV-1 (3). While the successful treatment of these 2 53 

patients marks a significant milestone in efforts aimed at an HIV cure, there are several 54 

limitations that render this approach infeasible for the vast majority of people living with HIV. 55 

These include significant risk of morbidity and mortality associated with allo-HSCT, the limited 56 

prevalence of CCR5∆32 donors, and the potential for the virus to circumvent the CCR5∆32 57 

mutation via a CCR5- to CXCR4-tropism shift (4). We are interested in applying principles from 58 

the successful treatment of the Berlin and London patients, using alternative approaches which 59 

are comparably potent, less toxic, and applicable to a larger patient population. 60 

 Expression of HIV-specific chimeric antigen receptors (CARs) from gene-modified, 61 

autologous HSPCs has the potential to overcome each of the limitations associated with allo-62 

HSCT. CARs containing a CD4 extracellular and transmembrane domain fused to the CD3ζ 63 

signal transduction domain (“CD4CAR”) effectively redirect primary T-lymphocytes to lyse HIV 64 

infected cells in vitro (5, 6). These CAR molecules, as well as CARs based on anti-HIV broadly 65 

neutralizing antibodies (7-9) bind to the HIV Env protein expressed on the surface of infected 66 
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cells, which permits CAR-mediated target cell lysis, independent of MHC presentation and thus 67 

circumventing HIV-mediated MHC I downregulation. Previously, we reported similar impacts in 68 

nonhuman primates (NHPs) infected with simian/human immunodeficiency virus (SHIV) and 69 

transplanted with CD4CAR HSPCs, including expansion of CAR+ effector cells, reduced tissue 70 

viral loads, and reduced rebound plasma viremia following discontinuation of ART (10). These 71 

findings demonstrated that HSC-derived CD4CAR cells can exert an antiviral effect in vivo.  72 

 We reasoned that genetically modifying HSPCs to express CD4CAR permits continuous 73 

production of CAR T-cells that undergo normal physiologic development, circumventing the 74 

need for significant ex vivo expansion that is currently required for adoptively transferred CAR 75 

T-cell therapies. However, the ability of these cells to traffic to and persist in HIV reservoir 76 

tissues remains unclear. Multiple tissue sites have been identified as potential HIV reservoirs, 77 

including lymphoid germinal centers (GCs) (11-21), the CNS (16, 22-27), and the 78 

gastrointestinal tract (GIT) (16, 17, 28-33). The physiologic properties that allow these sites to 79 

function as HIV reservoirs may include one or more of the following: 1) resident cell populations 80 

that support latent viral infection and/or active viral replication after prolonged combination 81 

antiretroviral therapy; 2) resident cells that retain infectious virions for prolonged periods of time; 82 

and 3) the immune privileged nature of certain sites which exclude effector cells necessary for 83 

viral clearance. As with any approach designed to control viral replication in the absence of 84 

antiretroviral therapy (termed “functional cure” or “functional remission”), CAR+ cells must traffic 85 

to HIV tissue reservoir sites, engraft and persist, and recognize and kill infected cells. Here, we 86 

extended our previous evaluation of the safety and efficacy of HSC-derived, CD4CAR 87 

expressing T-lymphocytes in SHIV-infected NHP (10), focusing on tissues that were collected at 88 

study endpoint. Our objective was to quantify the trafficking and persistence of HSC-derived, 89 

CAR-expressing cells in HIV tissue reservoir sites, utilizing CD4CAR-specific IHC-based 90 

assays. We show that HSC-derived, multilineage CD4CAR+ cells traffic to and persist long term 91 
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in lymphoid GCs, CNS tissue, and GIT tissue, and actively proliferate within these HIV reservoir 92 

sites. 93 

 94 

  95 



JCI Insight   Rev. MS# JCI INSIGHT# 141502-INS-RG-TR-2    10/30/2020 12:01 PM 6 

RESULTS 96 

Overview of Study Animals and Necropsy Data. The data presented here build upon a 97 

previously published experiment focused on 4 pigtail macaques that were transplanted with 98 

autologous, lentiviral vector-modified HSPCs. Two animals, referred to as CAR 1 and CAR 2, 99 

received CD4CAR-transduced HSPCs, while 2 controls (Control 1 and Control 2) received a 100 

signaling defective CAR known as CD4CAR∆ζ. A study schematic for this cohort is shown in 101 

Figure 1. Infused HSPC products contained a range of 4.7-40.0% gene-marked cells; following 102 

infusion into the total body irradiation (TBI)-conditioned autologous host, each animal recovered 103 

with typical kinetics (Supplemental Table 1). Approximately 28 weeks post-transplant, each 104 

animal was infected with SHIV, at which point gene marking levels were low (0.1-0.8% by flow 105 

cytometry, and 1.55%-8.79% by PCR). Integration site analyses demonstrated that gene-106 

marked peripheral blood cells from both CAR 1 and CAR 2 displayed a polyclonal integration 107 

pattern (Supplemental Figure 1). All of the samples in the present study were collected at 108 

necropsy, following primary SHIV infection, ART suppression, ART release, and viral rebound 109 

(Figure 1). Necropsy data from our previously published work is summarized in Supplemental 110 

Table 2 and Supplemental Figures 2-3 (10). SHIV plasma viral loads at necropsy ranged from 111 

999–884,846 copies/mL plasma (Supplemental Table 2). SHIV DNA (Supplemental Figure 112 

2A) and SHIV RNA (Supplemental Figure 2B) were detectable, often at high levels, in a panel 113 

of 25 tissues, as well as 4-limb bone marrow and PBMC. CD4CAR gene marking levels in total 114 

PBMC ranged from 0.64-2.71% by flow cytometry and 2.72-15.63% by PCR (Supplemental 115 

Table 2). Higher gene marking levels by PCR are expected, due to i) the subset of integrated 116 

vector proviruses which have been silenced or accrued mutations that prevent transgene 117 

expression, and ii) the fact that >1 integration event per cell is detectable by PCR but may not 118 

be detected by flow cytometry (34). Among CD4CAR+ PBMC, the majority of CAR+ cells were 119 

CD20+ B cells, followed by CD4+ and CD8+ T cells, CD2+NKG2A+ NK cells, and CD14+ 120 

monocytes (Supplemental Figure S3). Our prior studies demonstrated that each of the 4 121 
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animals recovered comparably following autologous HSPC transplantation, and confirmed that 122 

both SHIV-infected target cells and CD4CAR+ effector cells were present at end-of-study 123 

necropsy. Necropsy samples from this cohort were hence well suited to build and validate an 124 

assay to quantify the trafficking of CD4CAR+ cells, which was the main objective of this work. 125 

 126 

Validation of CD4CAR immunohistochemistry assay. The CD4CAR construct utilized for 127 

these studies expresses a cell surface protein consisting of a human CD4 extracellular and 128 

transmembrane domain, fused to a human CD3ζ signal transduction domain, which has 129 

previously been tested in clinical trials and in NHPs (7, 10). We designed our IHC assay to 130 

specifically detect the human CD4 extracellular domain of CD4CAR, while minimizing 131 

background from endogenous NHP CD4 molecules. To confirm specific labeling of the human 132 

CD4 extracellular domain, we stained lymphoid tissue sections collected at necropsy from CAR 133 

1, CAR 2, Control 1, and Control 2. We applied a monoclonal anti-CD4 antibody (clone: SP35), 134 

and evaluated for CD4CAR-specific immunoreactivity (10), which was observed in tissues from 135 

macaques that received signaling-proficient CD4CAR (CAR1 and CAR 2), and animals that 136 

received the signaling-defective CD4CAR∆ζ which retains the extracellular CD4 domain but 137 

lacks the CD3ζ signal transduction domain (Control 1 and Control 2) (Figure 2A and B). 138 

Importantly, CD4CAR∆ζ should still be labeled with our SP35 antibody clone, but should not 139 

facilitate intracellular signaling in response to antigen binding. No signal was observed in control 140 

samples stained with a non-specific, isotype-matched rabbit antibody (Figure 2C and D), 141 

Positive control sections of human tonsil showed CD4-specific immunoreactivity predominately 142 

in the paracortex, consistent with specific antibody binding to the human CD4 antigen in the 143 

CAR modified animals (Figure 2E). Importantly, lymphoid tissues from HSPC-transplanted 144 

pigtail macaques that did not receive CD4CAR transduced cells did not display any antigen-145 

specific immunoreactivity (Figure 2F). This data shows that anti-CD4 SP35 immunoreactivity 146 

observed in tissues from CD4CAR transduced animals is due to specific CAR labeling, and not 147 
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to cross-reactivity with the endogenous macaque CD4 antigen or non-specific binding from the 148 

secondary antibody.  149 

 150 

Multilineage engraftment of HSC-derived CAR+ cells in lymphoid germinal centers. Next 151 

we applied our CD4CAR-specific IHC assay to quantify trafficking of HSC-derived, CAR+ cells to 152 

lymphoid germinal centers. We stained paraffin-embedded sections from secondary lymphoid 153 

organs from 2 CD4CAR macaques (“CAR 1” and “CAR 2”), and 2 control CD4CAR∆ζ macaques 154 

(“Control 1” and “Control 2”), using the anti-CD4 SP35 monoclonal antibody to detect CD4CAR+ 155 

cells. Tissues from macaques that did not receive CD4CAR or CD4CAR∆ζ were used as a 156 

threshold for CAR specific marking. We observed CD4CAR immunoreactivity in the germinal 157 

centers of all tissues in all 4 macaques (CD4CAR and CD4CAR∆ζ) (Figure 3A-C). Within 158 

individual tissue sections, the amount of CD4CAR immunoreactivity ranged from absent to 159 

occupying almost the entire area of a given germinal center. We used a previously described 160 

brightfield IHC quantification approach (35, 36) to estimate the amount of CAR marking in 161 

germinal centers. This pixel-based area analysis demonstrated that 1.4-62.6% of the total 162 

germinal center tissue area was positive for CD4CAR protein expression. The most robust 163 

CD4CAR marking was observed in tissues from CAR 1 and both control animals (Figure 3D 164 

and Supplemental Figure 4A). No differences were observed in the frequency of germinal 165 

center CAR staining between CD4CAR and CD4CAR∆ζ animals, aside from the overall reduced 166 

CAR marking in tissues from CAR 2. However, all 4 animals had CAR marking frequencies 167 

above the threshold set by the unmodified control tissues, suggesting that HSC-derived CAR+ 168 

cells traffic to lymphoid germinal centers in a manner independent of CD4CAR signaling. 169 

 Following quantification of CD4CAR localization in various secondary lymphoid tissues 170 

(Figure 3 and Supplemental Figure 4A and 4D), we next set out to identify the lymphoid and 171 

myeloid subsets that expressed the CAR transgene within each site (Figure 4 and 172 

Supplemental Figure 5). We applied a fluorescent multiplex immunohistochemistry (mIHC) 173 
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approach with pixel-based quantitation to enumerate CD4CAR+ B-cells (CD20+), total T-cells 174 

(CD3+) Cytotoxic T Lymphocytes (CTL, CD3+CD8+), CD4 and double negative T-cells 175 

(CD3+CD8-), and monocytes/macrophages (CD68+CD163+) (Supplemental Tables 3 and 4). 176 

We could not directly stain for NHP CD4, due to cross-reactivity with CD4CAR. Between 26.2 177 

and 66.6% of the CD4CAR+ area within the lymphoid germinal centers did not colocalize with 178 

any of the phenotypic markers. Of the remaining CD4CAR+ immunoreactivity, the majority 179 

colocalized with CD20, consistent with a predominance of B-cells in lymphoid germinal centers 180 

(Figure 4A and Supplemental Figures 3, 5, and 6). The CD4CAR marker also colocalized 181 

with CD68+CD163+ monocyte/macrophage subsets and CD3+ T-cells, which were further 182 

delineated into CTL and CD4+/double negative T-cells (Figure 4B). These data demonstrate 183 

multilineage engraftment of HSC-derived CAR+ cells within lymphoid GC’s, most notably 184 

CD4CAR+ CD3+ T-cells and CAR+CD3+CD8+ CTLs-the functional HSC-derived subset of 185 

greatest therapeutic interest (10). 186 

 187 

HSC-derived CAR+ cells actively proliferate within the lymphoid GCs.  The germinal center 188 

reaction is characterized by early antigen-activated B-cell proliferation, which displaces naïve B-189 

cells to the periphery, forming the mantel zone (37). Additionally, chronic HIV and SIV infection 190 

is associated with a period of follicular hyperplasia with marked B-cell expansion, which is 191 

hypothesized to be due to persistent viral antigen stimulation and CD4+ T-cell priming (reviewed 192 

in (38)). To assess whether HSC-derived CAR+ cells in GCs actively proliferated under 193 

conditions of chronic SHIV infection, we employed a fluorescent mIHC assay using Ki-67 as a 194 

marker of cellular proliferation (Supplementary Table 3). Ki-67+CAR+ cells were readily 195 

identified in germinal centers from both CD4CAR and CD4CAR∆ζ macaques. There was no 196 

qualitative difference in the level of Ki-67+CAR+ cells between CD4CAR and CD4CAR∆ζ 197 

animals, aside from the reduced frequency of CAR marking observed in tissues from CAR 2 198 

(Supplemental Figure 7A and Figure 3B). Consistent with our phenotypic analyses, Ki-199 
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67+CAR+ cells were predominately CD20+ B-cells (Supplemental Figure 7B). Our results show 200 

that CD4CAR modification of GC B-cells does not hinder proliferative responses, with the 201 

relative abundance of Ki-67+ GC B-cells likely reflecting lymphoid hyperplasia associated with 202 

chronic SHIV infection. 203 

 204 

Multilineage engraftment of HSC-derived CAR+ cells in GIT. Next, we evaluated HSC-205 

derived CD4CAR+ cell trafficking and differentiation in 6 representative gastrointestinal lymphoid 206 

tissues (duodenum, jejunum, ileum, cecum, colon, rectum)(Supplementary Tables 3 and 4). 207 

The ratio of CAR marking to total tissue area was determined by quantifying the amount of CAR 208 

marking using threshold fluorescent images, then dividing by the amount of threshold CAR and 209 

DAPI signal in the identical images. Tissues from macaques that did not receive a CAR had 210 

0.007% average CAR marking, which we used as the threshold for CAR specific marking as 211 

described above. CAR specific immunoreactivity above threshold levels was observed in all 212 

tissue sites from CAR 1 and Control 1 (Figure 5A-C), and in all Control 2 tissues except the 213 

duodenum. In CAR 2, marking was observed in all tissue sites except the cecum. CAR marking 214 

could not be quantified in rectal tissue from Control 1, because of a lack of gut-associated 215 

lymphoid tissue (GALT) in the sections that we evaluated. Consistent with our observations in 216 

lymphoid GCs (Figures 3B and 4A), CAR 2 consistently had lower frequencies of CAR 217 

immunoreactivity compared to the other 3 animals in all GIT tissue sites (Figure 5D and 218 

Supplemental Figure 4B and 4D). We evaluated the phenotypic distribution of CD4CAR+ cells 219 

in GIT via fluorescent mIHC, focusing on CD20 and CD3 markers to identify B-cells and T-cells, 220 

respectively. Between 5.4-58.4% of the CD4CAR+ area did not colocalize with CD3 or CD20. 221 

The majority of the remaining CD4CAR immunoreactive area colocalized with CD3, indicating a 222 

predominance of CAR+ T-cells in the GALT and lamina propria, whereas a smaller proportion of 223 

CD4CAR signal colocalized with CD20 (Figure 6A and B, Supplemental Figure 8, and 224 

Supplemental Figure 9). These data demonstrate multilineage engraftment of HSC-derived 225 
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CD4CAR+ cells within the small and large intestine. Importantly, the majority of phenotypically 226 

quantifiable CD4CAR+ cells were CD3+ T-cells, the functional subset of greatest therapeutic 227 

interest for CD4CAR-based clearance of persistently HIV/SHIV-infected targets. 228 

 229 

Trafficking of HSC-derived CAR+ cells to CNS tissues. Among numerous secondary tissue 230 

sites that contribute to HIV persistence, the CNS is among the least understood and most 231 

difficult to access (reviewed in (39, 40)). We next asked whether CD4CAR immunoreactivity 232 

was detectable in distinct sites within the CNS, including parietal cortex, hippocampus, basal 233 

ganglia, thalamus, and cerebellum (Supplementary Tables 3 and 4) (41, 42). We established 234 

CAR specific staining thresholds using control CNS tissues from macaques that received 235 

neither CD4CAR nor CD4CAR∆ζ (0.040% of total tissue area). We observed CD4CAR 236 

immunoreactivity in white and gray matter in both CAR and CD4CAR∆ζ tissues (Figure 7A and 237 

B), and noted signal above background in parietal cortex and hippocampus of both CAR and 238 

control macaques (Figure 7C and Supplemental Figure 4C-4D). Only CAR2 and Control 2 239 

contained CAR marking above the threshold in the basal ganglia, and all animals except CAR 1 240 

had CAR marking above the threshold in the thalamus (Figure 7C and Supplemental Figure 241 

4C-4D). Interestingly, in contrast to findings in lymphoid GCs and GIT, Control 2 consistently 242 

showed a higher frequency of CAR staining in all 4 of these CNS tissue sites, compared to the 243 

other 3 animals. The observation that CAR 2 displayed higher CAR marking frequencies 244 

compared to CAR 1 across the CNS is consistent with our previous PCR-based data (10). In the 245 

cerebellum, CAR staining frequencies were below the threshold in all 4 macaques, indicating 246 

minimal to no trafficking of gene modified cells to this site. In agreement with our previous 247 

studies, these findings strongly suggest that HSC-derived progeny engraft and persist long term 248 

in the brain (43). 249 

 CNS-localized CD4CAR+ signal was contained in phenotypically indistinct, 250 

predominantly small, round cells, ranging from 5.0-15.7 μm in diameter. Although CD4CAR 251 
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immunoreactivity frequently did not colocalize with phenotypic markers for T-cells (CD3), or 252 

resident microglia and infiltrating macrophages (IBA1) by fluorescent mIHC (Figure 8A), we 253 

observed quantifiable colocalization in the Control 2 animal. CD4CAR colocalized with IBA1 in 254 

6.8-15.8% of the total CD4CAR+ area across CNS tissues in this animal (Figure 8B), while 255 

CD4CAR colocalization with CD3 was observed in the hippocampus, basal ganglia, and 256 

thalamus, accounting for 0.11-0.12% of the total CD4CAR+ area (Figure 8C). CD4CAR-CD20 257 

colocalization was not observed in any section of the CNS parenchyma in either CAR or control 258 

animals, indicating minimal to no engraftment of CD4CAR+ B-cells in the CNS. The ability of 259 

HSC-derived CAR+ cells to engraft in multiple CNS tissue sites raises exciting possibilities for 260 

HSC-based therapies directed at this particularly difficult-to-access viral reservoir compartment. 261 

 262 

 263 

  264 
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DISCUSSION 265 

We demonstrate trafficking of HSC-derived CD4CAR+ cells to tissue sites known to harbor 266 

persistently HIV-1 infected cells. In particular, we observed robust engraftment of CD4CAR-267 

modified cells within lymphoid GCs, GIT and CNS. In addition, our data show that CAR+ cells 268 

actively proliferate in germinal centers. This systemic in vivo view of CAR localization and 269 

trafficking  is unprecedented; to our knowledge, our HSC-derived CAR approach is the most 270 

efficient strategy yet described to target enhanced anti-HIV immune cells to these otherwise 271 

privileged sites. 272 

 All tissues evaluated in this study were collected at necropsy, nearly 2 years post-HSPC 273 

transplantation and 12-17 weeks following withdrawal of suppressive ART and SHIV viral 274 

rebound. Each of the 4 animals reached study endpoint without any clinical signs of CD4CAR 275 

toxicity. Our SHIV/macaque model of HIV persistence in tissues is well established (41, 42), and 276 

served as an extremely useful platform for CD4CAR localization studies: preliminary RNAscope 277 

and DNAscope data further show that SHIV RNA+ and SHIV DNA+ cells persisted at necropsy 278 

in CAR 2 colon and Control 1 mesenteric lymph node (Supplemental Figure 10). The 279 

multilineage engraftment of HSC-derived CD4CAR+ cells in secondary tissue sites that we 280 

observed by IHC is consistent with our previous data (10). Of note, our previous PCR-based 281 

data showed higher gene marking levels in some tissues, especially GIT and CNS, relative to 282 

our IHC data. As previously described, this is likely due to the fact that our PCR-based assays 283 

detect all lentiviral vector integrants, while IHC (and flow cytometry) methods only detect the 284 

proportion of those integrants that express detectable levels of transgene, in this case CD4CAR 285 

(34).  286 

Our IHC-based approach shows multilineage engraftment within distinct 287 

microanatomical structures that are relevant to HIV persistence, including lymphoid GC, CNS 288 

and GIT. In addition to the well-established virus-directed function of CD4CAR T-cells, other 289 

HSC-derived subsets, including natural killer cells and myeloid cells have been shown to exert 290 
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CAR-directed cytolytic activity in vitro and in vivo (44-51). CAR+ B-cells were most abundant in 291 

lymphoid GCs of our animals. Notably, we have no evidence of CAR function in B-cells in this 292 

study, and it is unknown whether CAR+ B-cells are capable of exerting CAR-directed cytotoxic 293 

activity. B-cells expressing granzyme B have been postulated to possess antiviral and early 294 

tumor immunosurveillance functions, with granzyme B+ B-cells exerting granzyme-mediated 295 

cytolytic activity against tumor cell lines in vitro (52-56). Additionally, ZAP-70 and Lck, protein 296 

tyrosine kinases associated with TCR signal transduction through the CD3ζ domain, can be 297 

expressed in B-cells, with increased ZAP-70 expression associated with BCR signaling (57, 58). 298 

Nevertheless, we have no data to suggest that CD4CAR+ B-cells possessed cytolytic function in 299 

our study. As we have previously described (59), the predominance of gene-modified, HSC-300 

derived B-cells that we observed in lymphoid GCs could alternatively be used to deliver more B-301 

cell relevant anti-HIV cargoes to these reservoir sites, such as broadly neutralizing antibodies. 302 

In short, the ability to generate multiple functional CAR+ subsets (T-, NK, and myeloid cells) 303 

along with the potential to apply B-cells as antibody delivery vehicles is yet another advantage 304 

of utilizing gene modified HSPCs for anti-HIV immunotherapy. 305 

 Our previous study characterized the function of HSPC-based CD4CAR molecules in 306 

CAR 1 and CAR 2, relative to Control 1 and Control 2, using virological and flow cytometry-307 

based methods. We found that both CD4CAR expression in peripheral blood and control of 308 

post-ART SHIV rebound were more pronounced in CAR 2 relative to CAR 1 (10). In the present 309 

IHC-based study, we observed higher levels of tissue-localized CAR cells in CAR 1, relative to 310 

CAR 2. Our supplemental data and previous study show higher levels of infected cells in CAR 1 311 

vs. CAR 2 at these same tissue sites as well. We and others have previously shown that the 312 

impacts of various HIV cure approaches on peripheral vs. tissue sites of virus persistence may 313 

be distinct (42, 60). In this case, decreased antigen burden in secondary tissues in CAR 2 may 314 

not have supported expansion of virus-reactive CD4CAR T cells at these sites, whereas virus 315 

replication in the periphery was sufficient to support ongoing expansion of CD4CAR T cells in 316 
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blood. Alternatively, the disconnect in these data sets could be related to the number of CAR-317 

modified B cells, a subset which we presume to be immunologically inert. Although our data 318 

clearly show trafficking of gene-modified T cells to key sites of HIV persistence in both CAR 1 319 

and CAR 2 (e.g. up to 10% localization in lymphoid GCs), these cells are vastly outnumbered by 320 

CD4CAR-expressing B cells, which constitute up to 50% of B cells in lymphoid GCs. The fact 321 

that a large/majority fraction of gene-modified cells presumably lacks antiviral function 322 

obfuscates the correlation between CAR marking levels and antiviral function. Put differently, 323 

the substantially higher level of CAR marking in CAR 1 vs. CAR 2 may be due to a higher 324 

number of nonfunctional CAR-marked B cells, whereas the lower levels of CAR-marked T cells 325 

in CAR2 may possess greater antiviral function. 326 

 We could not phenotypically identify the majority of CD4CAR+ cells in the CNS of our 327 

animals using our mIHC panel. This is consistent with previous murine HSPC transplantation 328 

studies, wherein subsets of HSC-derived cells in the CNS displayed variable CD45 and no IBA-329 

1 immunoreactivity (61, 62). In contrast to our study, the majority of the HSC-derived cells in the 330 

murine CNS study were IBA-1+, reflecting potential species-specific differences. However, the 331 

presence of robust CD4CAR immunoreactivity with sparse IBA-1 colocalization, and the fact 332 

that CD4CAR+ cells in the CNS displayed a predominately round to ameboid morphology (as 333 

opposed to the predominately ramified cell morphology observed with IBA-1+ myeloid cells) 334 

(63), suggests that CD4CAR+ and IBA-1+ cells are indeed distinct. As such, the HSC-derived 335 

CD4CAR+ cell type(s) we observed in the CNS remain to be fully characterized. Nevertheless, 336 

our findings in the CNS are consistent with previous studies from our group and others (43, 64), 337 

demonstrating that HSC-derived therapies enable trafficking of cell-based therapies to the brain, 338 

and in close proximity to potential CNS-associated viral reservoirs (65). 339 

 Surprisingly, the frequency of CD4CAR immunoreactivity in lymphoid GCs, CNS, and 340 

GIT were comparable between CD4CAR and CD4CAR∆ζ control animals. This finding clearly 341 

demonstrates that the localization patterns we observe are independent of CD4CAR signaling 342 
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function, which is absent in the CD4CARΔζ version expressed by Control 1 and Control 2. 343 

There are two potential models that may explain this finding: CD3ζ-independent CAR signaling 344 

or post-conditioning compartmentalization. CD3ζ-independent CAR signaling may have 345 

mediated CD4CAR+ cell trafficking via a glycine motif in the CD4 transmembrane domain, which 346 

is conserved in both the CD4CAR and CD4CAR∆ζ constructs, and has been shown to play an 347 

important role in T-cell activation, independent of Lck-mediated signal transduction (66). The 348 

mechanism for how this CD4CAR glycine motif or other non-CD3ζ domains may mediate T-cell 349 

activation is currently unknown but may occur through dimerization with other membrane-bound 350 

proteins, or to aid in proper membrane localization.  351 

 An alternative model holds that myeloablative and lymphodepleting conditioning with 352 

total body irradiation (TBI), which was used to promote HSC engraftment in this study, leads to 353 

disruption and regeneration of various tissue sites and sequestration of HSCs and their 354 

progeny. For example, disruption of the blood brain barrier (BBB) permits influx of HSPCs, 355 

which become compartmentalized following BBB repair (43). Trafficking and reconstitution of 356 

hematopoietic cell subsets following TBI is likely to be a generalized phenomenon that is 357 

independent of a given gene modification strategy (i.e. CD4CAR). This model is consistent with 358 

previous small animal studies from our group and others, demonstrating that donor HSC-359 

derived cells traffic to lymphoid GCs (59, 67), CNS tissues (61, 68-71), and GIT (59, 72). Lower 360 

dose lymphodepleting chemotherapy regimens for CAR T cells are designed to activate 361 

cytokine expression in vivo to facilitate maintenance and expansion of the T cell compartment 362 

(including CAR T cells) (73, 74). Likewise, the strong proliferative pressure induced by highly 363 

lymphodepleting TBI-based conditioning likely drove expansion and trafficking of these same 364 

immune cell populations. However, to increase the safety, feasibility, and applicability of our 365 

HSC-CAR approach for otherwise healthy persons living with HIV, TBI-based conditioning 366 

should be replaced with less toxic chemotherapeutic conditioning regimens (75-77), or 367 

nongenotoxic, antibody-based conditioning regimens designed to establish a robust niche for 368 
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HSC engraftment while minimizing collateral damage to other hematopoietic cells (78-81). This 369 

strategy will enable substantial retention of endogenous HIV-specific immune cell subsets, 370 

whose function in tandem with HSC-derived CAR T cells will likely be essential for any approach 371 

designed to support long-term ART-free HIV-1 remission (41, 82).   372 

We found that between 26.2 and 66.6% of the assessed area within lymphoid germinal 373 

centers stained positive using our anti-CD4CAR immunoassay, but did not colocalize with either 374 

lymphoid lineage markers (e.g. CD3, CD20) or myeloid markers (CD68/CD163). This likely 375 

reflects either limitations in the area analysis approach that we employed to identify colocalized 376 

proteins, and/or potential downregulation of key phenotypic lineage markers, especially CD20 377 

and CD3. Although our area analysis strategy allowed for quantitative colocalization analyses 378 

with robust specificity, this approach may be limited in identifying surface marker co-expression 379 

on the same cells. For example, if two markers are present close together or are physically 380 

interacting on the plasma membrane, we would expect them to be scored as colocalized. 381 

However, if CD4CAR and a given lineage marker are co-expressed but exhibit polarized 382 

expression on a single cell, area analysis could interpret this as separate lineage+ and 383 

CD4CAR+ cells, depending on the orientation of each region relative to that of the imaged 384 

section. CD4CAR could also be expressed on cells with downregulated expression of lineage 385 

markers. In addition to the well-characterized virus-dependent downregulation of T cell markers 386 

including CD3 and CD4 (83-85), CD20 expression in B-cells has been reported to be 387 

downregulated in a CD40-dependent manner (86). As CD40/CD40L binding to T follicular helper 388 

cells is critical for B-cell affinity maturation within the lymphoid GC (Reviewed in (87, 88)), CD20 389 

may be downregulated on a subset of GC-localized CD4CAR+ B cells. This could explain the 390 

majority of lineage-negative CD4CAR staining, since the majority of the CD4CAR+ cells in GCs 391 

are CD20+ B-cells. 392 

 One important consideration for the introduction of CD4-based CARs into HSPCs is the 393 

potential for interactions between the CAR and endogenous MHC II, which could affect 394 
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differentiation and maturation of HSC-derived CD4CAR+ T-cells. Early developmental arrest of 395 

these cells has been reported in mice (89), but is not observed in controls transplanted with 396 

CD4CAR∆ζ HSPCs or in an MHC II-/- background, raising the possibility that this developmental 397 

arrest is mediated by CD4CAR binding to MHC II and signaling through the CAR (89). 398 

Importantly, our findings demonstrate that CD4CAR+ T-cells persist in both the peripheral blood 399 

and in secondary tissue sites, indicating that CD4CAR mediated T-cell developmental arrest is 400 

not occurring in our autologous, immunocompetent large animal model.  401 

 We conclude that HSPC-derived CD4CAR+ cells can persist long-term in diverse 402 

physiological sites without observable toxicities, underscoring a key advantage of HSPC-403 

mediated immunotherapeutic delivery. Our data show long-term, multilineage engraftment of 404 

HSPC-derived CD4CAR+ cells in HIV tissue reservoirs. Implementing 2nd, 3rd, and 4th generation 405 

CARs to improve effector function, adding latency reversing agents to reveal latently infected 406 

cells to CAR-mediated cytotoxicity, and incorporating genes encoding broadly-neutralizing 407 

antibodies as a method of additive immunotherapy to block ongoing viral infection are among 408 

the numerous strategies that could be combined with HSC-derived CD4CAR cells to enable 409 

ART-free remission of HIV-1 as observed in Berlin and London. Delivery and maintenance of 410 

CAR-modified cells in these tissue sites has the potential for additional therapies outside the 411 

scope of HIV, including cancer and autoimmune disorders. 412 

  413 
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MATERIALS AND METHODS 414 

Nonhuman primate study outline.  NHP studies were conducted as described previously (10), 415 

and are summarized in Figure 1. Briefly, juvenile male pigtail macaques were primed with 416 

granulocyte colony stimulating factor and stem cell factor prior to collection of bone marrow 417 

aspirates and enrichment of CD34+ HSPCs. HSPCs were transduced twice with lentiviral 418 

vectors at a multiplicity of infection of 5-10. Each animal was transplanted with autologous, 419 

CD4CAR-modified HSPCs following myeloablative conditioning (1020 cGy total body 420 

irradiation).  Two experimental animals (CAR 1 and CAR 2) were transplanted with HSPCs 421 

transduced with lentiviral vectors expressing CD4CAR. Control animals (Control 1 and Control 422 

2) were transplanted with HSPCs that expressed CD4CAR∆ζ, which lacks the cytoplasmic 423 

signal transduction domain, rendering the CAR incapable of signaling when bound to antigen. 424 

Both vectors also expressed the membrane fusion inhibitor mC46 (90, 91). At least 200 days 425 

following HSPC transplantation, NHPs were infected with SHIV-1157ipd3N4 (92). ART 426 

consisted of Tenofovir (20mg/kg subcutaneous), Emtricitabine (40mg/kg subcutaneous), and 427 

Raltegravir (150mg oral), and was initiated approximately 24 weeks post-infection. ART was 428 

withdrawn 28 weeks later, and viral rebound was monitored in each animal for approximately 15 429 

weeks prior to necropsy. All tissue samples in the present study were collected at necropsy, 430 

following ART withdrawal and SHIV rebound. Representative tissues from macaques that did 431 

not receive either a CD4CAR or CD4CAR∆ζ transgene (“CAR negative”) were utilized as 432 

controls. CAR negative animals were transplanted with HSPCs transduced with lentiviral vectors 433 

expressing only the membrane fusion inhibitor mC46 (93).  434 

 435 

Tissue collection and embedding.  At time of necropsy, representative lymphoid, CNS, and 436 

GIT tissues were preserved in freshly-prepared 4% paraformaldehyde diluted from 32% stock 437 

solutions (Electron Microscopy Science, Hatfield, PA) in DPBS (Thermo Fisher Scientific, 438 

Waltham, MA). Fixation proceeded for 24 hours at room temperature at a minimum ratio of 1:10 439 
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tissue: fixative. Tissues were then transferred to 80% ethanol and stored at 4°C for 440 

approximately 48-96 hours prior to processing and paraffin embedding. 441 

 442 

Brightfield immunohistochemistry. We used single label immunohistochemical staining 443 

against human CD4 to identify CD4CAR expressing cells in NHP tissues. Paraformaldehyde-444 

fixed, paraffin-embedded tissues were sectioned at 4µm onto positively charged slides and 445 

baked for 1 hour at 60°C. Sections were deparaffinized in xylene and rehydrated through a 446 

graded ethanol series followed by deionized water. Heat-induced epitope retrieval was 447 

accomplished by incubating the section in Tris-EDTA buffer (0.01M Trizma base, 0.001M EDTA, 448 

0.05% Tween-20 [pH 9.0]) for 20 minutes at approximately 95°C- 97°C in a commercial rice 449 

cooker, with an additional 20 minutes to allow the buffer to cool prior to rinsing the sections. 450 

Endogenous peroxidase activity was quenched with a 15-minute incubation of 3% hydrogen 451 

peroxide at ambient temperature. Next, we incubated the sections for 1 hour at ambient 452 

temperature in a humidified chamber with rabbit anti-CD4 antibody (clone: SP35, MA1-39582, 453 

Thermo Fisher Scientific, Waltham, MA) following a 20-minute protein block at ambient 454 

temperature (Dako, Carpinteria, CA). The primary antibody was diluted to an appropriate 455 

working concentration with a commercial antibody diluent (Becton Dickinson, Franklin Lakes, 456 

NJ). A horse anti-rabbit IgG poly-HRP antibody (MP-7401, Vector Laboratories, Burlingame, 457 

CA) was utilized for secondary antibody labeling, and antigen-antibody complexes were 458 

visualized with 3,3′-Diaminobenzidine (DAB) (Becton Dickinson, Franklin Lakes, NJ). We 459 

counterstained the slides with hematoxylin (Dako, Carpinteria, CA), dehydrated through a 460 

graded ethanol series followed by xylene, and mounted with Permount mounting media (Fisher 461 

Scientific, Hampton, NH). Sections were washed for 5 minutes twice in TBST (0.02M Trizma 462 

base, 0.15M NaCl, 0.1% Tween-20 [pH 7.6]) at ambient temperature after being incubated with 463 

the 3% hydrogen peroxide, the primary antibody, and the secondary antibody. Controls 464 

consisted of sections of human tonsil and lymphoid tissues from CAR negative pigtail 465 
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macaques, as well as sections labeled with non-specific, isotype-matched rabbit antibody (08-466 

6299, Invitrogen, Carlsbad, CA). Brightfield quantification could not be performed on tissue 467 

sections from the Control 1 Iliac LN, due to accumulations of endogenous brown pigment in the 468 

section, which interfered with the analysis. Although we sought to validate staining patterns 469 

observed with our anti-CD4 SP35 antibody clone using an independent anti-CD4 clone, our 470 

review of the literature (94, 95) suggested that the number of anti-CD4 clones that recognize the 471 

human CD4 epitope of our CAR but not endogenous NHP CD4 would be exceedingly low. 472 

Consistent with this, clone SP35 was the only antibody we tested that specifically labeled 473 

CD4CAR in NHP tissues. 474 

 475 

Multiplex fluorescent immunohistochemistry. Fluorescent multiplex IHC (mIHC) of lymphoid, 476 

CNS, and GIT sections utilized the OPAL labeling method (Supplementary Table 3) (96). 477 

Paraformaldehyde-fixed, paraffin-embedded tissues were sectioned at 4µm onto positively 478 

charged slides and baked for 1 hour at 60°C. We then deparaffinized the sections and stained 479 

them on a Leica BOND Rx stainer (Leica Biosystems, Wetzlar, Germany). We used Leica Bond 480 

reagents for dewaxing (Dewax Solution; AR9222), antigen retrieval and antibody stripping 481 

(Epitope Retrieval Solution 2; AR9640), and rinsing after each step (Bond Wash Solution; 482 

AR9590). A high stringency wash was performed after the secondary and tertiary applications 483 

using high-salt TBST solution (0.05M Trizma base, 0.3M NaCl, 0.1% Tween-20 [pH 7.2-7.6]). 484 

OPAL Polymer HRP Mouse plus Rabbit (ARH1001EA, PerkinElmer, Hopkington, MA) or Vector 485 

Immpress HRP anti-goat polymer detection kit (MP-7405, Vector Laboratories, Burlingame, CA) 486 

were used for all secondary antibody applications. 487 

 Antigen retrieval and antibody elution steps were performed at 100°C, with all other 488 

steps at ambient temperature. Endogenous peroxidase was blocked with 3% H2O2 for 8 489 

minutes, followed by protein blocking with TCT buffer (0.05M Tris, 0.15M NaCl, 0.25% Casein, 490 

0.1% Tween 20 [pH 7.5-7.7]) for 30 minutes.  The first primary antibody (Position 1, 491 
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Supplementary Table 3) was applied for 60 minutes, followed by the secondary antibody 492 

application for 10 minutes and the application of the tertiary TSA-amplification reagent (OPAL 493 

fluorophores; PerkinElmer, Hopkington, MA) for 10 minutes. The primary and secondary 494 

antibodies were eluted by incubation with the retrieval solution for 20 minutes before repeating 495 

the process with the second primary antibody (Position 2), starting with a new application of 3% 496 

H2O2. We repeated the process until all positions for the respective panel were completed. 497 

There was no stripping step after the last position. Slides were removed from the stainer and 498 

stained with Spectral DAPI (PerkinElmer, Hopkington, MA) for 3 minutes, rinsed for 5 minutes, 499 

and coverslipped with Prolong Gold Antifade reagent (Invitrogen/Life Technologies, Grand 500 

Island, NY). Slides were cured for 24 hours at room temperature prior to digital image 501 

acquisition. 502 

 503 

Image analysis.  Brightfield sections were scanned using an Aperio ScanScope AT Imaging 504 

System (Leica Biosystems, Wetzlar, Germany) at 20x objective. We imported digital images into 505 

HALO software (Indica Labs, Albuquerque, NM) for analysis. Regions of interest (ROIs) were 506 

manually drawn around relevant areas, and the Indica Labs’ Area Quantification module 507 

(Version 1.0) was utilized to determine the percentage area of CD4CAR marking in each ROI. 508 

The software was trained to differentiate DAB-positive staining versus DAB-negative 509 

hematoxylin-positive staining based on threshold values for individual pixels. We batch-510 

processed the images using these configurations. The output values (Total area, DAB-positive 511 

area, DAB-negative hematoxylin-positive area), were used to calculate a ratio of CAR marking-512 

to-tissue area within the ROIs for lymphoid and CNS tissues, as has been previously described 513 

(36). Aperio ScanScope digital images were imported into QuPath (version 0.2.0-m2), and 514 

regions of interest were annotated and exported to Fiji (ImageJ) (97-100). Figures were 515 

subsequently generated using FigureJ (101). We acquired representative fluorescent lymphoid 516 

and CNS images on a Vectra 3.0 Automated Imaging System at a 20x objective (PerkinElmer, 517 
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Hopkington, MA). Images were spectrally unmixed using PerkinElmer inForm software 518 

(PerkinElmer, Hopkington, MA) and exported to Fiji (ImageJ) as multi-image TIFFs for 519 

colocalization analysis (98-100). Fluorescent GIT sections were scanned at a 20x objective 520 

using an Aperio ScanScope FL Imaging System (Leica Biosystems, Wetzlar, Germany). Aperio 521 

ScanScope digital images were imported into QuPath (version 0.2.0-m2), and regions 522 

containing GALT were annotated and exported to Fiji (ImageJ) for colocalization analysis (97-523 

100). Individual regions were appended together to facilitate image binarization and analysis 524 

using a custom-built, Eclipse-compiled plugin compatible with ImageJ (Eclipse Foundation, Inc. 525 

Ottawa, Ontario, Canada), plugin name: Append Images. We analyzed all fluorescent mIHC 526 

images for colocalization using a pixel-based area analysis approach. Binary images of each 527 

fluorescent channel were generated using the Ostu automatic thresholding algorithm (102). 528 

These images were reviewed by an observer, and adjustments to the thresholds were made as 529 

needed. The image binarization protocol is based on binarization methods described for 530 

Automated Quantitative Analysis (AQUA) (103). Colocalization analysis of binary mIHC 531 

photomicrographs was completed using a custom-built plugin compatible with ImageJ (Eclipse 532 

Foundation, Inc. Ottawa, Ontario, Canada), plugin name: Multiplex Pixel Colocalization 533 

(Supplemental Figure 11). The output comma-separated values (CSV) file contained a pixel 534 

area count for each phenotypic marker and the amount of area overlap between markers. The 535 

pixel counts for each potential outcome were used to calculate a ratio of CD4CAR marking-to-536 

tissue area, as well as the percentage of CD4CAR colocalization with different phenotypic 537 

markers, where overlapping fluorescent markers in the same pixel area were considered 538 

colocalized. We determined the percentage of CAR colocalization with different phenotypic 539 

markers using the percentage of different phenotypic marker combinations within the respective 540 

tissue sites that colocalized with CD4CAR. 541 

 542 
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SHIV RNAscope and DNAscope. In situ hybridisation of SHIV viral RNA and integrated 543 

proviral DNA was performed using the RNAscope 2.5 HD Brown Assay (Advanced Cell 544 

Diagnostics) with the SIVmac239 probe (Cat# 312811) and the SIVmac239-sense probe (Cat# 545 

314071) respectively. Photomicrograph images were taken with a Nikon E800 at 20x and 40x 546 

objectives. 547 

 548 

Lentiviral Vector Integration Site Assay. Characterization of vector integration sites in CAR 1 549 

and CAR 2 followed our previously published methods (104, 105) and focused on analyzing 550 

only the right LTR junctions. We captured vector-host junctions for PCR amplification and 551 

sequencing. Amplicon libraries were sequenced with an Illumina MiSeq. Sequences with a 552 

virus-host junction with the 3’ end LTR, including both the 3’-end U5 LTR DNA and ≥ 25 base 553 

host DNA (with ≥ 95% homology to the rhesus macaque genome version rheMac8), were 554 

considered true VIS read-outs. The sequence mapping and counting method was performed as 555 

described previously (104). 556 

 557 

Statistical analysis. Data is presented as the median +/- the interquartile range. Comparison of 558 

the ratio of CD4CAR immunoreactivity to tissue area, as well as the percentage of CD4CAR co-559 

localization with different phenotypic markers, between CAR and Control animals was 560 

completed utilizing the unpaired, two-tailed Mann-Whitney test. P value <0.05 was considered 561 

statistically significant. All statistical analysis and data presentation was performed using 562 

GraphPad Prism version 8 (GraphPad Software, La Jolla, CA). 563 

 564 

Data availability statement. The data that support the findings of this study are available from 565 

the corresponding author upon reasonable request. 566 

 567 
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Code availability statement. Our custom-built, Eclipse-compiled plugins compatible with 568 

ImageJ are available at the following web addresses: 569 

https://github.com/BarberAxthelm/Append_Images (Plugin Name: Append Images) and 570 

https://github.com/BarberAxthelm/Multiplex_Pixel_Colocalization (Plugin Name: Multiplex Pixel 571 

Colocalization). Further information is included in the Methods section under “Image Analysis.” 572 

 573 

Study Approval. All animal studies were conducted in accordance with the Guide for the Care 574 

and Use of Laboratory Animals and the Public Health Assurance Policy, and were approved by 575 

the Institutional Animal Care and Use Committees of the Fred Hutchinson Cancer Research 576 

Center and the University of Washington (Protocol # 3235-01). The Fred Hutchinson Cancer 577 

Research Center and the University of Washington are full AAALAC accredited institutions.  578 
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FIGURES WITH LEGENDS 927 

 928 

 929 
 930 
Figure 1. Study schematic for CAR 1, CAR 2, Control 1, and Control 2 animals. A total of 4 pigtail 931 
macaques were transplanted with autologous HSPCs modified to express CD4CAR (n = 2) or a control 932 
CD4CAR∆ζ (n = 2) which lacks intracellular signaling function, but retains the extracellular domain for 933 
immunolabeling. Following 28 weeks of post-transplant recovery, animals were infected with SHIV-934 
1157ipd3N4 via the intravenous (IV) route. Approximately 6 months later, antiretroviral therapy (ART) was 935 
initiated, then withdrawn 28 weeks later, in order to compare the persistence of CD4CAR and control-936 
modified cells in low and high antigen conditions, respectively. Following ART withdrawal, animals were 937 
monitored for approximately 15 weeks prior to necropsy. 938 
  939 
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 940 

 941 
Figure 2. Anti-CD4 antibody clone SP35 specifically marks CAR+ cells. Specific CD4 (SP35) 942 
immunoreactivity in germinal centers from mesenteric lymph node sections from macaques that received 943 
either CD4CAR (A) or CD4CAR∆ζ (B); sparse marking in the parafollicular zone was also observed. No 944 
immunoreactivity was seen in paired adjacent CD4CAR (C) or CD4CAR∆ζ (D) tissue sections labeled with 945 
an isotype control. Positive control: Labeling of human tonsil shows specific immunoreactivity, which is 946 
predominately in the parafollicular zone and consistent with CD4+ T-cell marking (E). Negative control: no 947 
immunoreactivity is seen in a control mesenteric lymph node section from a macaque that did not receive 948 
either CD4CAR or CD4CAR∆ζ (F), indicating that the CD4 (SP35) antibody clone does not cross-react with 949 
the endogenous pigtail macaque CD4 antigen. Brown: immunoreactivity for human CD4CAR; blue: 950 
hematoxylin counterstain. The experiment was repeated twice to confirm the specificity of the CD4 (SP35) 951 
antibody for the human-derived CDCAR or CD4CAR∆ζ. Scale bar: 50µm.  952 
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 953 
Figure 3. HSPC-derived CD4CAR expressing cells localize to central and peripheral lymphoid tissue 954 
germinal centers. Low (A), medium (B), and high (C) magnification photomicrographs of an iliac LN from 955 
CAR 1, illustrating CD4CAR+ cells localizing in the germinal centers. Brown: immunoreactivity for human 956 
CD4CAR; blue: hematoxylin counterstain. D) Quantification of CD4CAR-labeled lymphoid GC’s as a 957 
percentage of total lymphoid GC tissue area in both CD4CAR and CD4CAR∆ζ macaques (n=4 macaques; 958 
6-7 lymphoid tissues per macaque). Thresholds for average % CD4CAR GC marking were set using 959 
representative lymphoid tissues from macaques that did not receive a CAR (0.0031%). The chart shows 960 
individual data points with the median. Scale bars: (A) 1mm; (B, C) 50µm.   961 
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 962 
 963 

Figure 4. Multilineage engraftment of HSPC-derived CAR+ cells in lymphoid germinal centers. 964 
A) Percentages of total B-cell (CD20+), T-cell (CD3+), CTL (CD3+CD8+), and monocyte/macrophage 965 
(CD68/CD163+) immunophenotypic area that colocalized with CD4CAR immunoreactivity in GCs (n=4 966 
macaques; 6-7 lymphoid tissues per macaque). The charts show individual  data points with medians. 967 
B) Representative fluorescent mIHC photomicrographs of CD4CAR (green), CD3 (yellow), CD8 (red), and 968 
DAPI nuclear counterstain (blue); from CAR 1 mesenteric LN. Arrowheads highlight colocalization 969 
between CD4CAR and CD3/CD8 markers, indicating the presence of CD4CAR+ CTLs within the germinal 970 
center. Scale bar: 50µm. 971 
 972 
  973 
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 974 
Figure 5. HSPC-derived CD4CAR+ cells localize to the GIT. Low (A), medium (B), and high (C) 975 
magnification photomicrographs of a jejunum section from CAR 2, illustrating localization of CD4CAR+ cells 976 
(arrowheads) within gastrointestinal lymphoid tissue. Brown: immunoreactivity for CD4CAR; blue: 977 
hematoxylin counterstain. D) The amount of CD4CAR-labeled gastrointestinal lymphoid tissue and adjacent 978 
submucosal tissue, as a percentage of the total tissue area in both CAR and Control macaques (n=4 979 
macaques; 5-6 GIT per macaque). Threshold levels were set to average % CD4CAR GIT marking in 980 
representative tissues from macaques that did not receive a CAR (0.007%). Chart shows individual data 981 
points with the median. Scale bar: (A) 1mm; (B, C) 50µm.  982 
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 983 
 984 

Figure 6. Enriched engraftment of HSPC-derived CAR+ T-cells in GIT. A) Percentages of total B-cell 985 
(CD20+) and T-cell (CD3+) immunoreactivity that colocalized with CD4CAR (n=4 macaques; 5-6 GIT 986 
tissues per macaque). Charts show individual  data points with medians. B) Representative fluorescent 987 
mIHC photomicrographs of CD4CAR (green), CD3 (yellow), CD20 (cyan), and DAPI nuclear counterstain 988 
(blue); from Control 1 ileum. White arrowheads: CD4CAR+ T-cells. Magenta arrowhead: CD4CAR+ B-cell. 989 
Scale bar: 50μm. 990 
 991 
 992 
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 994 
 995 

Figure 7. HSPC-derived CD4CAR+ cells engraft and persist in the CNS. Representative 996 
photomicrographs of a basal ganglia section from Control 2, illustrating CD4CAR+ cells localizing to gray 997 
(A) and white (B) matter in the CNS. Brown: immunoreactivity for human CD4CAR; blue: hematoxylin 998 
counterstain. C) Quantification of CD4CAR-labeled CNS tissue (gray and white matter) as a percentage 999 
of the total CNS tissue area in both CAR and Control macaques (n=4 macaques; 5 CNS tissues per 1000 
macaque). Dotted line: threshold signal set based on average percent CD4CAR immunoreactivity in 1001 
representative CNS sections from CAR- animals (0.04%). Chart shows individual data points with the 1002 
median. Scale bar: 50µm.  1003 
  1004 
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 1005 
 1006 

Figure 8. Characterization of HSPC-derived CAR+ cells in the CNS. Representative fluorescent mIHC 1007 
photomicrographs from Control 2, illustrating the presence of HSPC-derived CD4CAR+ cells (arrowheads) 1008 
(n=4 macaques; 5 CNS tissues per macaque). A) Basal ganglia: Lack of colocalization between CD4CAR 1009 
(green) and CD3 (yellow) or IBA-1 (red). B) Thalamus: Colocalization of CD4CAR with IBA-1, indicating a 1010 
CD4CAR+ myeloid cell. C) Hippocampus: Colocalization of CD4CAR with CD3, indicating a CD4CAR+ T-1011 
cell. Scale bar: 50µm. 1012 
 1013 

  1014 
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Supplemental Table 1. Infused HSPC product gene marking and engraftment 1049 

ID HSPC Infusion 
Product Gene 

Marking  
(Colony PCR) 

Days to 
Neutrophil 
Recovery  

(CBC)* 

Days to 
Platelet 

Recovery  
(CBC)* 

%CD4CAR
+
 PBMC  

Pre-SHIV Infection  

Flow Cytometry
†
 PCR

‡
 

CAR 1 4.7% 13 61 0.10 3.26 

CAR 2 26.7% 11 40 0.02 8.79 

Control 1 40.0% 9 26 0.20 3.11 

Control 2 14.8% 12 22 0.80 1.55 

*Healthy minimum values as defined in Zhen, Peterson et al PLoS Pathogens 2017: 1,800 neutrophils/uL 1050 
whole blood, 262,000 platelets/uL whole blood 1051 
†Measured 4-5 weeks prior to SHIV infection 1052 
‡Measured 4-10 weeks prior to SHIV infection 1053 
  1054 
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Supplemental Table 2. SHIV plasma viral load and CD4CAR gene marking at necropsy. 1055 

ID Plasma Viral Load 
(copies/mL) %CD4CAR

+
 PBMC  

Flow Cytometry PCR 

CAR 1 492,133 2.71 6.79 

CAR 2 999 4.30 15.63 

Control 1 187,708 0.68 3.84 

Control 2 884,846 0.64 2.72 
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Supplemental Table 3. Overview of fluorescent mIHC staining approach by tissue type. 1057 

Position Primary Antibody Secondary 

Target Clone   
(Host) 

Manufacturer 
(Product 
number) 

Dilution Antibody OPAL 
Fluorophore 

Lymphoid germinal centers (phenotype) 

1 CD20 Polyclonal 
(Rabbit) 

Thermo Fisher 
(PA5-16701) 

1:2,000 Opal Ms/Rbt 
Secondary 

540 

2 CD3 Polyclonal 
(Rabbit) 

Dako 
(A0452) 

1:800 Opal Ms/Rbt 
Secondary 

570 

3 CD68 Polyclonal  
(Rabbit) 

Thermo Fisher  
(PA5-32330) 

1:200 Opal Ms/Rbt 
Secondary 

690† 

CD163 EP324  
(Rabbit) 

BioSB 
(BSB3276) 

1:2,000 Opal Ms/Rbt 
Secondary 

4 CD4 SP35 
(Rabbit) 

Cell Marque 
(104R-16) 

1:100 Opal Ms/Rbt 
Secondary 

520 

5 CD8 EP334 
(Rabbit) 

BioSB  
(BSB2849) 

1:2,000 Opal Ms/Rbt 
Secondary 

650 

6 CD35 Polyclonal  
(Rabbit) 

Sigma 
(HPA049348) 

1:1,000 Opal Ms/Rbt 
Secondary 

620 

Central nervous system 

1 IBA-1 Polyclonal 
(Goat) 

Abcam 
(AB5076) 

1:1,000 Vector 
Immpress 

Goat 
Polymer 

520 

2 CD20 L26 
(Mouse) 

Dako 
(M0755) 

1:10,000 Opal Ms/Rbt 
Secondary 

540 

3 CD4 SP35 
(Rabbit) 

Cell Marque 
(104R-16) 

1:200 Opal Ms/Rbt 
Secondary 

620 

4 CD3 SP7 
(Rabbit) 

Thermo Fisher 
(RM-9107) 

1:200 Opal Ms/Rbt 
Secondary 

690 
       

Gastrointestinal tract (GIT) 

1 CD20 L26 
(Mouse) 

Dako 
(M0755) 

1:10,000 Opal Ms/Rbt 
Secondary 

540 

2 CD4 SP35 
(Rabbit) 

Cell Marque 
(104R-16) 

 1:200 Opal Ms/Rbt 
Secondary 

620 

3 CD3 SP7 
(Rabbit) 

Thermo Fisher 
(RM-9107) 

1:200 Opal Ms/Rbt 
Secondary 

690 
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Position Primary Antibody Secondary 

Target Clone   
(Host) 

Manufacturer 
(Product 
number) 

Dilution Antibody OPAL 
Fluorophore 

Lymphoid germinal centers (proliferation) 

1 CD20 L26 
(Mouse) 

Dako 
(M0755) 

1:10,000 Opal Ms/Rbt 
Secondary 

520 

2 Ki-67 D3B5 
(Rabbit) 

Cell Signaling   
(12202S) 

1:500 Opal Ms/Rbt 
Secondary 

620 

3 CD4 SP35 
(Rabbit) 

Cell Marque 
(104R-16) 

1:200 Opal Ms/Rbt 
Secondary 

540 

4 CD3 SP7 
(Rabbit) 

Thermo    
(RM-9107) 

1:200 Opal Ms/Rbt 
Secondary 

690 
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Supplemental Table 4. Summary of IHC-based tissue analysis. 1059 
 

CAR 1 CAR 2 Control 1 Control 2 

% CD4CAR marking in PBMC at 
tissue time point 

6.79 9.67 5.13 1.13 

Lymphoid tissue sites evaluated 7 7 7 7 

Germinal centers analyzed per 
tissue site: Average (range) 

57 (24–78) 56 (19–162) 41 (15–84) 107 (54–146) 

Germinal center area evaluated 
(µm2): average (range) 

4.66×106 
(2.45×106–
1.06×107) 

2.54×106 
(6.71×105–
6.33×106) 

1.99×106 
(7.94×105–
3.64×106) 

8.12×106 
(5.72×106–
1.04×107) 

Average germinal center size 
(µm2/GC) 

80461 50839 57673 81079 

CNS tissue sites evaluated 5 5 5 5 

CNS Area evaluated (µm2): 
Average (range) 

7.41×107 
(6.07×107–
8.50×108) 

7.26E7  
(4.59×107–
8.50×107) 

1.01E8  
(6.07×107–
1.52×108) 

7.39E7  
(6.81×107–
7.89×107) 

GIT tissue sites evaluated 6 6 5 6 

GIT Area evaluated (µm2): Average 
(range) 

1.49×108 
(2.45×106–
2.86×108) 

3.09×107 
(6.30×106–
6.01×107) 

4.01×107 
(2.82×106–
1.21×108) 

3.12×107 
(4.73×106–
8.04×107) 

 1060 
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 1062 
Supplemental Figure 1. Polyclonal repopulation of CD4CAR-modified, HSPC-derived 1063 
PBMC in vivo.  Clonal frequencies of unique vector integration site (VIS) clones in PBMC prior 1064 
to SHIV challenge in NHP IDs CAR 1 (left) and CAR 2 (right). In the stacked bar plot, each color 1065 
represents a unique HSPC-derived CD4CAR VIS clone, and thickness of the band corresponds 1066 
to the clonal frequency or abundance of that CAR-modified HSPC clone within the CAR+ PBMC. 1067 
Number on top of the stacked-bar plot indicate number of VIS clones detected by the VIS assay. 1068 

 1069 
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 1071 
Supplemental Figure 2. PCR-based quantification of CD4CAR gene marking in necropsy 1072 
tissues from  CAR1/CAR2 and Control 1/Control 2.  At necropsy, tissues from the indicated 1073 
sites were collected and stored in nucleic acid preservative prior to homogenization and separate 1074 
isolation of total DNA and RNA. Quantitative PCR assays were then used to measure the number 1075 
of SHIV DNA copies per million cell equivalents (A) or normalized SHIV RNA copy number (B). 1076 
Macaque RNase P, p30 subunit (MRPP30) was used to calculate cell equivalents in (A), and 1077 
MRPP30 crossing threshold (cT) values were used to normalize SHIV RNA data in (B). 1078 

 1079 
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 1081 
 1082 

Supplemental Figure 3. PCR-based quantification of CD4CAR gene marking in necropsy 1083 
tissues from  CAR1/CAR2 and Control 1/Control 2.  At necropsy, PBMC from the indicated 1084 
animals were stained with cell surface markers to delineate CD4CAR+ cells that were CD4+ T 1085 
cells (blue), CD8+ T cells (red), CD20+ B cells (green), CD2+NKG2a+ NK cells (purple) CD14+ 1086 
monocytes (brown) or lineage negative (gray) (n=4 macaques). 1087 

 1088 
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 1090 
Supplemental Figure 4. Statistical comparison of total CD4CAR immunoreactive tissue 1091 
area for CAR 1/CAR2 vs. Control 1/Control 2.  Shown are merged data from CAR 1/CAR 2 and 1092 
Control 1/Control (n= 4 macaques) corresponding to Figures 3 (A) (6-7 lymphoid tissues per 1093 
macaque), 5 (B) (5-6 GIT tissues per macaque), and 7 (C) (5 CNS tissues per macaque). 1094 
Statistical significance was calculated between pooled tissue sites from each pair of animals via 1095 
Mann-Whitney test (unpaired, two-tailed) (D), consistent with our previous statistical methods 1096 
(10). Charts show individual data points, with bars illustrating the median + IQR. 1097 
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 1099 
Supplemental Figure 5. Statistical comparison of subset-specific CD4CAR 1100 
immunoreactive lymphoid GC area for CAR 1/CAR2 vs. Control 1/Control 2. Shown are 1101 
merged data from CAR 1/CAR 2 and Control 1/Control corresponding to Figure 4 (A). Statistical 1102 
significance was calculated between pooled CD20+ B cell, CD3+ and CD3+CD8+, T cell, and 1103 
CD68/CD163+ myeloid cell subset data from each pair of animals via Mann-Whitney test 1104 
(unpaired, two-tailed) (B) (n=4 macaques; 6-7 lymphoid tissues per macaque), consistent with 1105 
our previous statistical methods (10). Charts show individual data points, with bars illustrating the 1106 
median + IQR. 1107 

 1108 
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 1110 

 1111 

Supplemental Figure 6. Enriched engraftment of HSPC-derived CAR+ B-cells in lymphoid 1112 
germinal centers. Distribution of CD4CAR colocalization in lymphoid germinal centers with 1113 
markers of B-cells (CD20+, blue), CD4 and double negative T-cells (CD3+CD8-, red), CTL 1114 
(CD3+CD8+, green), and monocytes/macrophages (CD68/CD163+, purple). Yellow: mixed 1115 
colocalization, indicating CD4CAR pixel area that colocalized with more than one set of 1116 
phenotypic markers (n=4 macaques; 6-7 lymphoid tissues per macaque).  1117 
  1118 
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 1119 

Supplemental Figure 7. HSPC-derived CAR+ cells in lymphoid GC express the proliferation 1120 
marker Ki-67. A) Fluorescent mIHC photomicrographs of CD4CAR (green), Ki-67 (red), and DAPI 1121 
nuclear counterstain (blue) from CAR 1 spleen. B) Fluorescent mIHC photomicrographs of CD4CAR 1122 
(green), CD20 (cyan), Ki-67 (red), and DAPI nuclear counterstain (blue); from CAR 1 and Control 1 1123 
spleen sections, as well as from a control animal that expressed neither CD4CAR nor CD4CAR∆ζ (CAR-) 1124 
(n=4 macaques, 7 lymphoid tissues per macaque). Scale bar: 50μm. 1125 
  1126 
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 1127 
Supplemental Figure 8. Statistical comparison of subset-specific CD4CAR 1128 
immunoreactive GIT area for CAR 1/CAR2 vs. Control 1/Control 2. Shown are merged data 1129 
from CAR 1/CAR 2 and Control 1/Control corresponding to Figure 4 (A). Statistical significance 1130 
was calculated between pooled CD20+ B cell and CD3+ T cell subset data from each pair of 1131 
animals via Mann-Whitney test (unpaired, two-tailed) (B) (n= 4 macaques; 5-6 GIT tissues per 1132 
macaque), consistent with our previous statistical methods (10). Charts show individual data 1133 
points, with bars illustrating the median + IQR. 1134 
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 1136 
Supplemental Figure 9. Enriched engraftment of HSPC-derived CAR+ T-cells in gut associate 1137 
lymphoid tissues. Distribution of CD4CAR colocalization in gut associated lymphoid tissues with 1138 
markers of B-cells (CD20+, blue), and T-cells (CD3+, red). Yellow: mixed colocalization, indicating 1139 
CD4CAR pixel area that colocalized with both CD20 and CD3 phenotypic markers (n=4 macaques; 5-6 1140 
gastrointestinal tract tissues per macaque). 1141 
 1142 

 1143 
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 1145 
Supplemental Figure 10. RNAscope and DNAscope detection of SHIV nucleic acids in situ.  At 1146 
necropsy, tissues from the same sites assayed for CD4CAR expression were stained in parallel 1147 
for SHIV RNA and DNA using RNAscope and DNAscope methods, respectively. Shown are 1148 
representative images from CAR 2 colon SHIV RNAscope (A-D) and DNAscope (E), and 1149 
Control 1 mesenteric lymph node RNAscope (F-I) and DNAscope (J-K). Scale bar: 50µm. 1150 
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 1153 

Supplemental Figure 11. Conceptual schematic for the binarized pixel colocalization 1154 

algorithm performed by the Multiplex Pixel Colocalization plugin. A) Example analysis for a 1155 

hypothetical, binarized, 3 channel photomicrograph. Pixels in each channel are assigned either 1156 

a “1” or a “0” based on the presence (1) or absence (0) of fluorescent signal in that pixel (B). 1157 

Binary numbers are generated from each pixel position based on assigned number in each 1158 

channel (C), which are used to increment the count in an array of 2n potential outcomes; where 1159 

n is the number of channels being evaluated for colocalization (D). 1160 


