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The successful treatment of 2 HIV+ individuals with allogeneic stem cell transplantations has 

garnered much interest in its utility as a therapy for HIV. However, there are significant 

limitations that prevent allogeneic stem cell transplantation from being a viable therapy for HIV 

infection, including toxicity due to Graft-versus-host disease, and the limited availability of 

donors who are homozygous for the CCR5∆32 mutation. One viable option to circumvent these 

limitations and provide a functional cure, through immune-mediated elimination of the virus, is 

with chimeric antigen receptor (CAR) immunotherapy. By introducing the CAR engineered to 

target HIV infected cells into hematopoietic stem cells, we have the potential to generate a self-
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renewing population of CAR T-cells, thus circumventing some of the limitations with longevity 

that are seen with CAR T-cells.  Here, we report trafficking of hematopoietic stem and 

progenitor (HSPC)-derived CAR+ cells to HIV tissue reservoir sites, in a pigtail macaque model 

of HIV infection. CAR+ cells were identified in the lymphoid germinal centers, the parenchyma 

of the central nervous system, and the gastrointestinal tract by immunohistochemistry, almost 2 

years after initial engraftment with lentiviral modified HSPCs. Multilineage engraftment of 

CAR+ cells were identified in lymphoid germinal centers and the gastrointestinal tract, consisting 

of T-cells, B-cells, and myeloid lineage cells. CAR+ B-cells in the germinal centers were also 

actively replicating, characterized by robust Ki-67 expression. No difference was observed in 

trafficking, engraftment, and cell cycle activity between CAR animals and control animals that 

carry a “tailless” CAR which lacks the cytoplasmic signal transduction domain. These results 

show the HSPC-derived CAR+ cells will traffic to, and persist in, HIV tissue reservoir sites, with 

multilineage engraftment of CAR+ cells. The method could be used as a platform for 

immunotherapeutic delivery treatment of HIV infection, as well as a variety of other medical 

conditions. 
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Introduction 

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

promising approach to achieve a functional HIV cure, in large part due to the functional cure of 2 

chronically infected HIV+ patients with allogeneic stem cell transplantations: Timothy Ray 

Brown (aka. the “Berlin Patient”), and the “London Patient.”1–4 In both clinical cases, the 

patients received HSPCs from donors who were homozygous for a 32 base pair deletion in the 

second extracellular loop of the CCR5 gene (CCR5∆32/∆32) that introduces a premature stop 

codon, resulting in a truncated protein that is not expressed on the cell surface.5–8 The successful 

eradication of the virus in these 2 patients is hypothesized to have occurred due to a combination 

Graft-versus-Host Disease (GvHD) mediated elimination of host-derived HIV+ cells (frequently 

referred to as “Graft-versus-Virus” or “Graft-versus-Reservoir”), and rapid and high-level 

engraftment of donor derived cells 9–13. The GvHD mediated removal of latently infected host 

cells is similar to what has been observed in leukemia patients treated with allogeneic stem cell 

transplantations (referred to as “Graft-versus-Leukemia”), where prolonged periods of remission 

were observed in individuals who developed acute and or chronic GvHD, indicating an 

antileukemic effect of GvHD.14–15 Because CCR5 is the major co-receptor for viral envelope 

fusion,16–11 individuals with a CCR5(∆32/∆32) genotype have improved resistance to HIV infection 

compared to individuals with a CCR5(WT/WT) genotype, and those with CCR5(∆32/WT) 

heterozygosity show slower decreases in peripheral CD4 T-cell counts and longer timer periods 

to the development of AIDS compared to CCR5(WT/WT) individuals.19 The generation of HIV-

resistant cell populations through reconstitution with CCR5(∆32/∆32) HSPCs is believed to be an 

important component to the functional cure observed in the Berlin and London patients. This is 
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supported by the results of the “Boston Patients,” where HIV recrudescence was observed in 2 

chronically infected patients following allogeneic stem cell transplantation with CCR5(WT/WT) 

HSC’s, following a prolonged period of remission.20 

Despite the success seen with the “Berlin Patient” and the “London Patient,” there are 

multiple limitations that prevent allogenic stem cell transplantation from being a viable therapy 

for HIV patients. The principle concern is the risk of serious complications associated with the 

allogeneic HSPC transplant, including but not limited to graft-versus-host disease (GvHD), 

opportunistic infections, and toxicities associated with the pre-transplantation conditioning 

regimen and post-transplantation immunosuppressive regimens. 21,22 The treatment of HIV+ 

patients poses additional risks, due to the potential for interactions between the 

immunosuppressive agents necessary to allow engraftment and prevent GvHD and cART, 

resulting in additional toxicities.23 Both the Berlin and London patients underwent allogeneic 

stem cell transplantations to treat hematological neoplasms that were refractory to first- and 

second-line treatments. It is unlikely that allogeneic stem cell transplantation will be a viable 

option for treatment of HIV infections, due to the significant risk associated with the procedure. 

Additionally, the prevalence of individuals with a CCR5(∆32/∆32) genotype range from 0-3.1% of 

the population, with significant variation dependent on geography and ancestry.24–30 Because of 

this low frequency of individuals that are homozygous for the CCR5 mutation, it is unlikely that 

suitable donors could be identified for the approximately 36.9 million people worldwide who are 

infected with HIV (Source: World Health Organization). Additionally, individuals who are 

CCR5∆32(∆32/∆32) have a 21% increase in all-cause mortality rates compared to CCR5(WT/WT) and 

CCR5∆32(∆32/WT) individuals, suggesting the homozygous mutations may have deleterious 

physiologic effects, which could preclude its usage in bone marrow transplantation.31  Finally, 
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there is evidence that the virus is able to circumvent the CCR5∆32 mutation via a shift in tropism 

from CCR5 to CXCR4, and mount an infection.31,33 While use of allogeneic stem cell 

transplantation with CCR5∆32(∆32/∆32) donors  is not a viable option as an HIV therapy, what we 

have learned from the Berlin and London patients can be applied to alternative approaches which 

are less toxic, can be utilized to treat a large patient population including individuals in 

developing nations, and achieves comparable levels of immune-mediated viral elimination as 

was seen with the Berlin and London patients. One viable option to accomplish this is through 

autologous immunotherapeutic approaches. 

 HIV-1 adaptation to CCR5 mutations via shift in viral tropism (R5-tropic HIV to 

predominately X4-tropic HIV) has been observed in humans following allogenic stem cell 

transplantation with CCR5(∆32/∆32) donor HSPCs,32,33 or treatment with Maraviroc (Pfizer Global 

R&D, Sandwich, UK), a CCR5 antagonist.34,35 It is likely that the patients that experienced viral 

rebound following CCR5(∆32/∆32) allogenic stem cell transplantation carried a small population of 

R4-tropic virions prior to transplantation, which expanded post-transplantation due to selective 

pressure from the CCR5(∆32/∆32) engrafted cells. The usage of alternative chemokine co-receptors 

has also been observed in HIV infected individuals who naturally carry the CCR5(∆32/∆32), where 

the predominant viral variants were X4-tropic, dual-tropic, or utilized alternative chemokine co-

receptors. 36,37 Due to the potential of HIV circumventing the usage of CCR5 as a co-receptor, a 

more universal method should be considered to block viral infection. 

 One such approach is the C46 fusion-inhibitory peptide. 38,39 This peptide is derived from 

the C-terminal heptad repeat of the HIV gp41 transmembrane glycoprotein, and is hypothesized 

to block fusion of the viral envelope with the plasma membrane by disrupting the α-helical 

structure of the leucine-zipper-like domain of gp41.40 This α-helical structure of the HIV gp41 is 
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highly conserved: amino acid substitutions result in impaired viral infectivity.41–44 This structure 

has been used as a target for pharmaceutical fusion inhibitors, as part of a cART regimen.45–47 

Previous clinical trials have shown that autologous T-cells transduced with C46 persisted 

throughout the 1 year period that the patients were followed, with no clinical evidence of 

toxicity.48 The evidence supporting C46, combined with its mechanism of  targeting a highly 

conserved, tropism-independent region of the virus, makes C46 an ideal candidate to generate 

HIV-resistant cell populations. 

 The use of chimeric antigen receptors (CARs), which originally demonstrated efficacy in 

achieving remission of various malignancies by redirecting cytotoxic T-lymphocytes to 

recognize and destroy neoplastic cells in vivo,49–59 has yielded positive results as a potential 

curative HIV therapy. Primary human CD8+ T-cells transduced with an HIV-specific CAR 

consisting of a CD4 extracellular and transmembrane domain fused to the CD3ζ signal 

transduction domain (CD4CAR) effectively lyse HIV infected immortalized cell lines and 

primary human cell lines in vitro.60,61  This CAR recognizes the CD4 binding domain of the HIV 

Env protein when it is expressed on the plasma membrane of infected cells.  The permits CAR T-

cells to mediate lysis of HIV infected cells independent of MHC presentation of viral epitopes, 

circumventing the viral mediated downregulation of MHC I.62,63 Additionally, four clinical trials 

have demonstrated safety and long-term engraftment of autologous and syngeneic T-

lymphocytes engineered to express the CD4CAR via ex vivo retroviral vector transduction, 

through PCR-based quantitation from PBMCs and rectal biopsies.64–67 The reported in vivo 

antiviral efficacy of CD4CAR transduced T-cells is mixed: 2 trials reported limited clinical 

efficacy (transiently reduced plasma viral load, reductions in replication competent virions 

isolated from the blood, and reductions in proviral DNA and viral RNA in rectal biopsy 



5 
 

specimens in CD4CAR treated patients).64,67 One study reported no evidence of in vivo antiviral 

activity following CD4CAR T-cell administration.63  

 Current data suggests CAR T-cell therapy for HIV-1 is limited by the need for significant 

ex vivo expansion of gene modified T-lymphocytes to reach a therapeutic amount, which in turn 

may limit the persistence of cells in vivo.50,68–71 These barriers could be circumvented with the 

use of genetically modified HSPCs transduced with a CAR, which allows continuous production 

of CAR T-cells that undergo normal physiologic development, increasing the potential for 

immunologic memory without the need for significant ex vivo expansion.68,70,71 Genetically 

modifying HSPC’s also permits multilineage engraftment of CAR-modified cells. HSPC’s 

transduced with CD4, CD19, and HER2 CARs have been shown to generate CAR expressing B-

cells, myeloid cells, and NK cells in vivo.68,72–74Additionally, NK cells and neutrophils have been 

shown to have CAR specific cytolytic activity mediated by CD4, CD19, CD33, and epidermal 

growth factor receptor (EGFR) CARs in vitro and ex vivo.68,75–80 CD4-CAR transduced 

immortalized NK Cells (NK3.3 cell line) show CAR directed cytolytic activity when co-cultured 

with HIV-1 IIIB-infected  immortalized human T-cells (CEM.NKR cell line), demonstrating 

cytolytic efficacy against HIV infected cells.75 Similarly, EGFR-CAR transduced immortalized 

NK cells (NK-92 cell line) have been shown to reduce tumor burden and improve survival, 

compared to mock-transduced NK-cells and untreated control animals in a murine orthotopic 

glioblastoma model.79 Multilineage CAR-mediated cytotoxicity, which can be generated through 

transduction of HSPCs with CARs, could be beneficial in the setting of an HIV infection, by 

generating a multilineage pool of CAR+ cells that could identify and lyse HIV-infected cells. 

 Zhen, Peterson, et al. (2017) previously evaluated the efficacy of HSPC-derived 

CD4CAR T-cells in a pigtail macaque HIV model.73 The protocol for the HSPC transplantation 
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and the experimental timeline are depicted in Figure 1. The C46 fusion inhibitor was included in 

the lentiviral vector in addition to the CAR, to prevent SHIV infection of gene modified cells 

through CD4CAR binding. CD4CAR-C46 transduced Jurkat cells were resistant to HIV 

infection in vitro, compared to cells transduced with only the CD4CAR, confirming that the 

addition of the C46 construct confers resistance to HIV infection. All animals maintained 

multilineage engraftment of CAR expressing cells in peripheral blood and in lymphoid and non-

lymphoid tissues for the ~1.8-year duration of the study. Macaques that received the CD4CAR 

had increased gene marking in the peripheral blood with expansion of the peripheral CAR+ 

effector T-cell population during periods of active viral replication, compared to control animals 

that received a CD4 CAR that lacked the CD3ζ signal transduction domain. The expansion of 

CAR+ cells is believed to be viral antigen mediated as the increase in peripheral blood gene 

marking correlated with increases in plasma viral load. Compared to control animals, CAR 

animals had significantly lower lymphoid, CNS, and GIT tissue viral loads, suggesting a CAR-

mediated reduction in active viral replication in these tissue sites. Notably, CAR animals also 

had a lower rebound plasma viremia post cART withdrawal compared to control animals but did 

not achieve complete viral suppression. One possible explanation for incomplete viral 

suppression is that HSPC-derived CAR T-cells are not migrating to physiological reservoir sites. 

 The ability of CAR-modified cells to traffic to, and persist in, HIV tissue reservoir sites 

where target cells reside is a central consideration for any CAR immunotherapy. Multiple tissue 

sites have been identified as potential HIV reservoirs, including but not limited to lymphoid 

germinal centers (GC’s), 81-87,104-107 central nervous system (CNS), 86,88-93 and gastrointestinal  

tract (GIT).86,87,94-103 The physiologic properties that allow these sites to function as HIV 

reservoirs vary, and include: i) persistence of detectable proviral DNA and viral RNA after 
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prolonged periods of complete cART-dependent suppression of plasma viremia, ii) resident cell 

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

cART, iii) resident cells that retain infectious virions for prolonged periods of time, and iv) the 

immune privileged sites which potentially exclude effectors that are necessary for viral 

clearance. For a CAR therapy to control viral replication in the absence of cART (terms such as 

“functional cure” and “functional remission” are frequently used interchangeably), CAR+ must 

traffic to HIV tissue reservoir sites, recognize, and kill infected cells. In the present study, we ask 

if HSPC-derived, CAR-expressing cells traffic and persist in HIV tissue reservoir sites, via 

immunohistochemistry-based assays, evaluating macaque tissues originally reported in Zhen, 

Peterson, et al.73 We show that HSPC-derived, CAR-expressing cells traffic to and persist long 

term in, lymphoid GCs, CNS tissue, and GIT. Additionally, we show multilineage engraftment, 

and evidence of active proliferation, of engrafted CAR+ cells. 
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Materials and Methods 

Autologous HSPC transplantation 

 NHP studies were conducted as described previously.73 Juvenile male pigtail macaques 

were utilized for these studies. Animals were primed with granulocyte colony stimulating factor 

and stem cell factor for 4 days prior to collection of bone marrow aspirates and bead-based 

sorting for CD34+ HSPCs. Stem cells were cultured ex vivo for 48 hours, during which time the 

cells were transduced twice with lentiviral vectors at a multiplicity of infection of 5-10. Table 1 

summarizes the experimental manipulations for each study macaque. 

 NHPs were transplanted with autologous, lentiviral modified HSPCs following 

myeloablative conditioning consisting of a fractionated dose of 1020cGy total body irradiation 

over a 2-day period.  Two experimental animals (CAR 1 and CAR 2) were transplanted with 

HSPCs that were transduced with lentiviral vectors expressing the membrane fusion inhibitor 

c4638,108, and a CAR consisting of a human CD4 extracellular and transmembrane domain with a 

CD3ζ signaling domain (CD4CAR).60,61,72,73 control animals (control 1 and control 2) were 

transplanted with HSPCs that expressed c46 and a “tailless” CD4CAR which lacks the 

cytoplasmic signal transduction domain, rendering the CAR incapable of signaling when bound 

to antigen. This study was conducted as a pilot, and no statistical methods were used to pre-

determine NHP group size. 

 Animals recovered for at least 200 days following HSPC transplantation, before SHIV 

challenge. NHPs were challenged IV with 500µl of SHIV1157ipd3n4, a replication competent, 

CCR5 tropic SHIV.109,110 The stock was determined to have a titer of 1.9×104 TCID50/ml in 

TZM-bl cells in vitro, prior to in vivo administration. cART, consisting of Tenofovir (20mg/kg) 
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+ Emtricitabine (40mg/kg) S.C. q24h, and Raltegravir (150mg P.O. q12h), was initiated 

approximately 24 weeks post viral challenge, to model treatment of a chronically infected HIV 

patient. cART was administered for 28 weeks, and the NHPs were monitored for approximately 

15 weeks post-cART withdrawal to simulate viral rebound.  

At the time of necropsy, representative lymphoid, CNS, and GIT tissues were preserved in 4% 

paraformaldehyde diluted (15714; Electron Microscopy Science, Hatfield, PA) in DPBS (14190-

144; Thermo Fisher Scientific, Waltham, MA) for 24 hours at room temperature at a minimum 

ratio 1:10 tissue: fixative. Tissues were subsequently transferred to 80% ethanol and stored at 

4°C for approximately 48-96 hours prior to processing and paraffin embedding. 

 Representative tissues from macaques that did not receive a CAR transgene were utilized 

as controls. CAR negative animals consisted of NHPs that were transplanted with HSPCs 

transduced with lentiviral vectors expressing the membrane fusion inhibitor c46.111 

Representative tissues were collected, preserved, and processed in an identical manner as the 

tissues from the CAR and control animals. 

 All animal studies were conducted in accordance with the Guide for the Care and Use of 

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

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

and the University of Washington (Protocol #’s 3235-01). The Fred Hutchinson Cancer Research 

Center and the University of Washington are full AAALAC accredited institutions.  

Brightfield Immunohistochemistry 

 Single label immunohistochemical staining against human CD4 was utilized to identify 

CAR expressing cells in NHP tissues. Paraformaldehyde-fixed paraffin-embedded tissues were 
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sectioned at 4µm onto positively charged slides and baked for 1 hour at 60°C. Sections were 

deparaffinized in xylene and rehydrated through a graded ethanol series followed by deionized 

water. HIER was accomplished by incubating the section in Tris-EDTA buffer (0.01M Trizma 

base, 0.001M EDTA, 0.05% Tween-20 [pH 9.0]) for 20 minutes at approximately 95°C- 97°C in 

a commercial rice cooker, with an additional 20 minutes to allow the buffer to cool prior to 

rinsing the sections. Endogenous peroxidase activity was quenched with a 15-minute incubation 

of 3% hydrogen peroxide at ambient temperature. The sections were incubated for 1 hour at 

ambient temperature in a humidified chamber with rabbit anti-CD4 antibody (clone: SP35) 

(MA5-16338 or MA1-39582, 1:50 dilution; Thermo Fisher Scientific, Waltham, MA) following 

a 20-minute protein block at ambient temperature (X0909; Dako, Carpinteria, CA). The primary 

antibody was diluted to an appropriate working concentration with a commercial antibody 

diluent (559148; Becton Dickinson, Franklin Lakes, NJ). A horse anti-rabbit IgG poly-HRP 

(MP-7401; Vector Laboratories, Burlingame, CA) was utilized for secondary antibody labeling, 

and antigen-antibody complexes were visualized with DAB (550880; Becton Dickinson, 

Franklin Lakes, NJ). Slides were counterstained with hematoxylin (S3302; Dako, Carpinteria, 

CA), dehydrated through a graded ethanol series followed by xylene, and mounted with 

Permount mounting media (SP15-100; Fisher Scientific, Hampton, NH). Sections were washed 

for 5 minutes twice in TBST (0.02M Trizma base, 0.15M NaCl, 0.1% Tween-20 [pH 7.6]) at 

ambient temperature after being incubated with the 3% hydrogen peroxide, the primary antibody, 

and the secondary antibody. Controls consisted of sections of human tonsil and lymphoid tissues 

from pigtail macaques that did not receive a CAR that were processed in an identical manner, as 

well as sections labeled with non-specific, isotype-matched rabbit antibody (08-6199; Invitrogen, 

Carlsbad, CA). 
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Multiplex Fluorescent Immunohistochemistry 

 Fluorescent multiplex IHC (mIHC) of lymphoid and GIT sections was accomplished 

utilizing the OPAL labeling method.112 Tables 2-4 outline each fluorescent mIHC panel utilized 

with the antibodies, fluorophores, and their respective positions in each mIHC panel. 

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

charged slides and baked for 1 hour at 60°C. The sections were then deparaffinized and stained 

on a Leica BOND Rx stainer (Leica, Buffalo Grove, IL) using Leica Bond reagents for dewaxing 

(Dewax Solution; AR9222), antigen retrieval and antibody stripping (Epitope Retrieval Solution 

2; AR9640), and rinsing after each step (Bond Wash Solution; AR9590). A high stringency wash 

was performed after the secondary and tertiary applications using high-salt TBST solution 

(0.05M Trizma base, 0.3M NaCl, 0.1% Tween-20 [pH 7.2-7.6]). OPAL Polymer HRP Mouse 

plus Rabbit (ARH1001EA; PerkinElmer, Hopkington, MA) was used for all secondary antibody 

applications. 

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

ambient temperature. Endogenous peroxidase was blocked with 3% H2O2 for 8 minutes followed 

by protein blocking with TCT buffer (0.05M Tris, 0.15M NaCl, 0.25% Casein, 0.1% Tween 20 

[pH 7.5-7.7]) for 30 minutes.  The first primary antibody (position 1) was applied for 60 minutes 

followed by the secondary antibody application for 10 minutes and the application of the tertiary 

TSA-amplification reagent (OPAL fluorophores; PerkinElmer, Hopkington, MA) for 10 minutes. 

The primary and secondary antibodies were eluted via incubation with the retrieval solution for 

20 minutes before repeating the process with the second primary antibody (position 2) starting 

with a new application of 3% H2O2. The process was repeated until all positions for the 

respective panel were completed; however, there was no stripping step after the last position. 
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Slides were removed from the stainer and stained with Spectral DAPI (FP1490; PerkinElmer, 

Hopkington, MA) for 3 minutes, rinsed for 5 minutes, and coverslipped with Prolong Gold 

Antifade reagent (P10144; Invitrogen/Life Technologies, Grand Island, NY). Slides were cured 

for 24 hours at room temperature prior to digital image acquisition. 

Brightfield Image Analysis 

Slides were scanned in Brightfield at a 20x objective using an Aperio ScanScope AT 

Imaging System (Leica Biosystems, Wetzlar, Germany). Digital images were imported into 

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

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

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

software was trained to differentiate DAB-positive staining versus DAB-negative hematoxylin-

positive staining based on threshold values for individual pixels, and the images were batch 

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

negative hematoxylin-positive area), were transferred to Microsoft Excel (Microsoft 

Corporation, Redmond, WA) and used to calculate a ratio of CAR marking to tissue area within 

the ROIs for lymphoid and CNS tissues, as has been previously described.113 Aperio ScanScope 

digital images were imported into QuPath (version 0.2.0-m2), and regions of interest were 

annotated and exported to Fiji (ImageJ).114–117 Figures were subsequently generated using 

FigureJ.111 

Fluorescent Image Analysis 

For lymphoid section, representative images were acquired on a Vectra 3.0 Automated 

Imaging System at a 20x objective (PerkinElmer, Hopkington, MA). Images were spectrally 
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unmixed using PerkinElmer inForm software (PerkinElmer, Hopkington, MA) and exported to 

Fiji (ImageJ) as multi-image TIFFs for colocalization analysis.115–117 

For GIT sections, slides were scanned at a 20x objective using an Aperio ScanScope FL 

Imaging System (Leica Biosystems, Wetzlar, Germany). Aperio ScanScope digital images were 

imported into QuPath (version 0.2.0-m2), and regions containing GALT were annotated and 

exported to Fiji (ImageJ) for colocalization analysis.114–117 Individual regions were appended 

together to facilitate image binarization and analysis using a custom built, Eclipse-compiled 

plugin that is compatible with ImageJ (Eclipse Foundation, Inc. Ottawa, Ontario, Canada) 

(Plugin Name: Append Images; Web Address: 

https://github.com/circuitBreaker7/Append_Images). The plugin stitches individual multi-

channel fluorescent images together independent of individual image dimensions, and without 

altering individual pixel fluorescent intensities. 

 All mIHC images were analyzed for colocalization in an identical manner, using an area 

analysis approach to determine the percent area occupied by each phenotypic marker, following 

individual marker binarization; like the approach utilized for singleplex brightfield area 

analysis.113,119 Overlapping binarized phenotypic markers indicates marker colocalization. All 

image analysis was performed using Fiji.115–117 The image binarization protocol is based on 

binarization methods described for Automated Quantitative Analysis (AQUA).120 The protocol 

for fluorescent image binarization and colocalization analysis is depicted in Figure 2. Briefly, 

individual lymphoid images and appended GALT images were separated into individual 

fluorescent channels using the “Stack to Images” macro. The channels were renamed with the 

corresponding animal ID, tissue site, image number, and phenotypic marker. Each channels was 

subsequently binarized using the following process: 1) Rolling-Ball background correction 

https://github.com/circuitBreaker7/Append_Images
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(Rolling-ball radius: 50 pixels);121 2) Threshold using the thresholding macro, followed by 

conversion to an 8-bit binary image; 3) Remove outlying pixels with the Remove Outliers macro 

(Radius: 2 pixels; Threshold: 50 pixels; Remove bright outliers). Automatic thresholds for each 

channel were generated using the Ostu thresholding plugin.122 Automatically thresheld images 

were reviewed by an observer, and adjustments to the thresholds were made as needed. 

Individual channels for each image were subsequently stacked together using the “Images to 

Stacks” tool. Regions of interest were defined around germinal centers and GALT in lymphoid 

and GIT sections respectively, using the Freehand selection tool, and saved using the ROI 

manager. Individual macros were written to expedite the image binarization process. Figures 3 

and 4 show the macro code used for binarizing the lymphoid and GIT mIHC images. 

 Colocalization analysis of binarized mIHC stacks was completed using a custom built, 

Eclipse-compiled plugin that is compatible with ImageJ (Eclipse Foundation, Inc. Ottawa, 

Ontario, Canada) (Plugin Name: Multiplex Pixel Colocalization; Web Address: 

https://github.com/circuitBreaker7/Multiplex_Pixel_Colocalization). Briefly, the plugin creates a 

list of 2n potential outcomes, where n represents the number of slices in each image stack, 

indicating the number of fluorescent channels in the image. As an example, the GIT sections 

were labeled with a 3-color mIHC assay (CD4CAR, CD3, CD20), and have 4 slices in each stack 

(CD4CAR, CD3, CD20, DAPI). Therefore, there are 24=16 potential outcomes when analyzing 

these images. At each pixel coordinate, the plugin generates a binary number based on the pixel 

intensity of each slice at the same position; where a 0 represents a pixel that has 0 intensity, and 

1 represents a pixel that has an intensity above the threshold. For 8-bit binarized images, the 

intensities above the threshold are automatically set to 255. The binary number generated from 

each pixel position are used to index an array that represents the 2n potential outcomes, and 

https://github.com/circuitBreaker7/Multiplex_Pixel_Colocalization
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increment the appropriate count based on the binary number. Figure 5 depicts the process for 

image colocalization. The output is a pixel count for the number of pixel positions that fulfilled 

each potential outcome, where pixel positions with phenotypic markers above the threshold were 

considered colocalized. The plugin also requests ROI information prior to the colocalization 

analysis and adjusts intensity of pixel positions outside of the ROIs to 0 prior to colocalization 

analysis. A subset of binarized image stacks were utilized to validate the plugin, with the ImageJ 

Image Calculator Macro. Stacks of known colocalization were generated by multiplying binary 

slices to each other for full colocalization, or 1 slice was multiplied by the reciprocal of another 

slice to generate an image with no colocalization. The slices were subsequently recombined into 

stacks and analyzed using the Multiplex Pixel Colocalization plugin, and the results were 

reviewed to confirm consistency with the known outcomes. 

 The pixel counts for each potential outcome were transferred to Microsoft Excel and used 

to calculate a ratio of CAR marking to tissue area, as well as the percentage of CAR 

colocalization with different phenotypic markers. Tissue area was determined by the number of 

pixels that had an intensity above the threshold for at least one fluorescent marker or DAPI, 

similar to what has been previously described for brightfield area analysis with hematoxylin 

counterstain.113 The percentage of CAR colocalization with different phenotypic markers was 

determined by the percentage of different phenotypic marker combinations within the GALT and 

germinal centers that were colocalized with the CD4CAR marker. Different combinations of 

phenotypic markers colocalizing at the same pixel position were used to determine the expected 

cell phenotypes. Table 5 illustrates what different phenotypic marker combinations correlated to 

different cell types. The presence of CAR+ cells were based on the CD4CAR IHC marker 

colocalizing with different phenotypic markers. The pixel aspect ratios and the pixel/µm 
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conversion factor from the Aperio ScanScope FL and the Vectra 3.0 Imaging Systems were used 

to calculate the areas occupied by different fluorescent markers, based on the pixel counts. 

Binarized images of CAR+CD3+ and CAR+CD3+CD8+ pixels from representative images were 

generated to qualitatively evaluate CAR colocalization with T-cells, using the Image Calculator 

Macro in Fiji.115–117 This was accomplished by sequentially combining binarized images from a 

stack using the multiply function. By multiplying an image with a second image or the inverse of 

a second image (denoted as [phenotypic marker]-1), colocalized or non-colocalized pixels can be 

sequentially selected. For T-cells, the following pixel selection parameters were utilized: 

[CD4CAR][CD3][CD8]+/-[CD20]-1[CD68/CD163]-1. The resulting binarized images were 

overlayed on the original fluorescence images, to qualitatively evaluate phenotypic T-cell marker 

colocalization with the CD4CAR marker. A subset of fluorescent images were utilized as a test 

set to evaluate the analysis method, by comparing pixel counts from individual and appended 

binarized regions for consistency, along with manual cell counts from an independent observer 

(Figure 6). 
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Results 

CD4CAR specific IHC assay specifically labels CD4CAR-modified cells 

 The first goal in this study was to identify an antibody reagent that would label the human 

CD4 extracellular domain of CD4CAR, without also labeling the closely related endogenous 

pigtail macaque CD4 protein. We identified a monoclonal anti-CD4 antibody (Clone: SP35) that 

satisfied these criteria. Lymphoid tissues from animals that received CAR-transduced HSPCs 

show immunoreactivity for the CD4 (SP35) antibody (Figure 7.  CAR specific immunoreactivity 

was seen in tissues from both CAR and control animals, indicating the CD4 (SP35) antibody 

could bind to the CD4CAR and the CD4CAR∆ζ constructs. In contrast, lymphoid tissues from 

pigtail macaques that did not receive CD4CAR transduced cells did not display any CD4 (SP35) 

specific immunoreactivity. Lymphoid tissues from CAR-transduced and non-transduced pigtail 

macaques show no immunoreactivity when the CD4 antibody was substituted for a rabbit isotype 

control antibody. Additionally, sections of human tonsil showed CD4 (SP35) specific 

immunoreactivity predominately in the parafollicular T-cell zones (i.e. was recognizing human 

CD4+ T-cells), supporting that the antibody was binding to the human CD4 antigen in the CAR 

modified animals. This data shows that the CD4 immunoreactivity observed in tissues from CAR 

transduced animals is due to specific CAR labeling, and not due to cross-reactivity with the 

endogenous macaque CD4 antigen or non-specific binding from the secondary antibody.  

HSPC-derived CAR expressing cells traffic to lymphoid germinal centers 

 To evaluate HSPC-derived, CAR+ cell trafficking to lymphoid germinal centers, paraffin-

embedded sections from central and peripheral lymph nodes along with spleen and tonsil from 

CAR and control animals were stained with the monoclonal antibody against the CD4CAR (anti-
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CD4, Clone: SP35). Immunoreactivity to the CAR was observed in the germinal centers of all 

tissue sites evaluated, and from all 4 macaques (CD4CAR and CD4CAR∆ζ controls). The 

amount of CAR marking in the germinal centers ranged from 1.4-62.6% of the total germinal 

center tissue area, with the most robust CD4CAR marking observed in tissues from CAR 1 and 

both control animals (Figure 8). A mosaic germinal center staining pattern was observed within 

individual tissues; the amount of CD4CAR immunoreactivity ranging from absent to occupying 

almost the entire area in an individual germinal center (Figure 8A). CD4CAR marking was 

observed in lymphoid germinal centers in CAR 2, but the frequency of CD4CAR marking was 

markedly decreased relative to the frequency observed in the other 3 animals. Multiple germinal 

centers in the second CAR animal had CD4CAR staining restricted to the periphery of the 

germinal center, at the margin with the mantle (Figure 9). This marginal CD4CAR staining 

pattern was also observed in a small percentage of germinal centers from the first CAR animal 

but was not observed in either of the control animals. Brightfield quantification could not be 

performed on tissue sections from the control 1 Iliac LN, due to accumulations of endogenous 

brown pigment in the section, which interfered with the area analysis. The brown pigment is 

suspected to be hemosiderin accumulations, due to regional hemorrhage secondary to multiple 

femoral vein blood collections. By comparison, tissues from macaques that did not receive a 

CAR had a 0.0031% average germinal center CAR marking; which was used as a threshold for 

CAR specific marking. No differences were observed in the frequency of germinal center 

CD4CAR staining between CAR and control animals, aside from the overall reduced CAR 

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

threshold set by the unmodified control tissues, in all tissues that were analyzed.  This data 
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indicates that HSPC-derived CAR+ cells traffic to central and peripheral lymphoid germinal 

centers, in both CAR and control animals. 

HSPC-derived CAR expressing cells traffic to CNS tissues 

 To evaluate if HSPC-derived CAR+ cells traffic to the CNS, paraffin-embedded sections 

from 5 representative CNS tissue sites (parietal cortex, hippocampus, basal ganglia, thalamus, 

cerebellum) were stained with the SP35 monoclonal antibody against the CD4CAR. 

Immunoreactivity to the CD4CAR antibody was observed in both white and gray matter in both 

CAR and control sections (Figure 10). For semi-quantitative analysis, whole sections were 

analyzed for the ratio of CD4CAR marking over the combined white and gray matter tissue area 

(Figure10B). Tissues from macaques that did not receive a CAR had a 0.040% average CAR 

marking. This was used as the threshold for CAR specific marking in the CNS, like our 

evaluation method for the lymphoid GCs. CAR specific staining, above the threshold, was 

observed in the parietal cortex and hippocampal sections of both CAR and control macaques. 

Only CAR2 and control 2 had CAR marking above the threshold in the basal ganglia, and all 

animals except CAR 1 had CAR marking above the threshold frequency in the thalamus. All 4 

macaques had CAR staining frequencies below the threshold in the cerebellum, indicating 

minimal to no trafficking of gene modified cells to this site. In contrast to findings in lymphoid 

GCs, control 2 consistently had a higher frequency of CAR staining in all CNS tissue sites 

except for the cerebellum, compared to the other animals. CAR 2 tended to have higher CAR 

marking frequencies compared to CAR 1, for respective tissues sites. This is consistent with gene 

marking data previously published in Zhen, Peterson, et al, which showed that CAR 2 and 

control 2 tended to have higher levels of lentiviral gene marking in the CNS.66 Aside for the 

aforementioned patterns, no differences were observed in the frequency of CNS CD4CAR 
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marking between CAR and control animals. This data indicates that HSPC-derived CAR+ cells 

traffic to CNS tissues in both CAR and control animals, with levels of CAR marking comparable 

to previously published observations. 

HSPC-derived CAR expressing cells traffic to GIT tissues 

 To evaluate if HSPC-derived CAR+ cells traffic to the GIT, paraformaldehyde-fixed 

paraffin-embedded sections from 6 representative GIT tissue sites (duodenum, jejunum, ileum, 

cecum, colon, rectum) were stained with the monoclonal antibody against the CD4CAR, either 

with a brightfield singleplex assay or with a fluorescent 3-plex mIHC (Table 3). 

Immunoreactivity to the CD4CAR antibody was observed in the GALT and the lamina propria 

of both CAR and control GIT sections (Figure 11). We performed semi-quantitative analysis of 

CAR tissue marking within the GALT and adjacent submucosa, using GIT sections that were 

stained with the 3-plex fluorescent mIHC protocol. The ratio of CAR marking: total tissue area 

was determined by the amount of CAR marking using binarized fluorescent images, divided by 

the amount of binarized CAR and DAPI marking in the identical images. Tissues from macaques 

that did not receive a CAR had 0.013% average CAR marking, which was utilized as the 

threshold for CAR specific marking as described earlier. CAR specific immunoreactivity, above 

the threshold, was observed in all GIT section from CAR 2 and control 1. CAR specific 

immunoreactivity was observed in all GIT tissues except the duodenum in control 2. CAR 

marking was observed in all CAR 2 GIT tissues, but the marking in the ileum, cecum, and 

rectum were below the threshold frequency. CAR marking could not be evaluated in rectal tissue 

from control 1, due to a lack of GALT in the sections that were evaluated. CAR 2 consistently 

had lower frequencies of CAR immunoreactivity compared to the other 3 animals, in all GIT 

tissue sites. Compared to the marking in the lymphoid germinal centers, CAR marking was 
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significantly reduced in all GIT sections in both CAR and control animals. No other differences 

were observed in staining frequency between the 4 macaques. This data indicates that HSPC-

derived CAR+ cells traffic to the GIT in both CAR and control animals. 

Multilineage engraftment of HSPC-derived CAR expressing cells within lymphoid 

germinal centers 

 Our data clearly demonstrates that HSPC-derived CAR+ cells traffic to lymphoid 

germinal centers. Next, we were asked what cell phenotypes were expressing the CD4CAR at 

these sites. Because the CAR lentiviral vector was introduced into HSPC’s, the CAR+ cells could 

theoretically be any hematopoietic cell lineage. Although B-cells often outnumber T-cells 

following hematopoietic stem cell transplantation,123 lymphoid germinal centers contain an 

extremely heterogenous population of hematopoietic lineages including lymphoid cells, and 

myeloid cells such as monocytes and macrophages. We phenotyped the CAR+ cells within the 

germinal centers with an area analysis approach, evaluating fluorescent mIHC stained sections of 

central and peripheral lymphoid tissues from CAR and control macaques. An exclusion 

colocalization approach was used to determine different cell phenotypes, as depicted in Table 5. 

Pixels with phenotypic colocalization patterns outside of the defined sets were considered 

“mixed colocalization,” and not included in any of the individual cell phenotype counts. This 

approach was utilized as a form of “watershedding,” to remove pixels from junctions where 

neighboring cells of different phenotypes are adjacent to, or overlapping with, each other. 

 The majority of the CD4CAR immunoreactivity within the germinal centers colocalized 

with the B-cell marker CD20 (Range: 28.3-65.9% of the total CAR+ pixels) (Figure 12). 

CD4CAR colocalization was seen in 0.5-49.6% of the total CD20+ B-cell area within the 

lymphoid germinal centers (Figure 12A). The CD4CAR marker also colocalized with CD3+ T-
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cells (0.8-5.2% of the total CAR+ area; 0.19-11.5% of the total CD3+ T-cell area), CD3+CD8+ 

CTLs (0.02-0.74% of the total CAR+ area; 0.08-9.7% of the total CD3+CD8+ CTL area), and 

CD68/CD163+ macrophages (0.05-3.1% of the total CAR+ area; 0.27-5.7% of the total 

CD68/CD163+ macrophage area) (Figure 12A and B). CD4 could not be utilized as a phenotypic 

marker for TH cells, due the potential for cross reactivity with the CD4CAR. Because of this, T-

cell phenotypes were defined as CD3+ and CD3+CD8+. Between 26.2-66.6% of the total CAR+ 

area within the germinal centers did not colocalize with any of the phenotypic markers. This 

could be due to insufficient phenotypic antigen availability in portions of the germinal centers or 

CAR expression in additional cell types (ex. Myeloid or lymphoid progenitors) that do not 

express the phenotypic markers utilized in the multiplex panel. An anti-CD35 antibody was 

included in the panel to label follicular dendritic cells (FDC’s). The anti-CD35 immunoreactivity 

to FDCs was used to aid in the identification of lymphoid germinal centers but was not included 

in the colocalization analysis due to marked inter-slide variability in CD35 staining quality. A 

higher frequency of mixed colocalization was observed in the submandibular lymph nodes, 

spleen, and tonsil from control 1. No significant difference in the phenotypic colocalization with 

the CAR, or the frequency of the different phenotypic markers, within the germinal centers was 

observed between CAR and control NHP’s. In summary, this data demonstrates multilineage 

engraftment of HSPC-derived CAR+ cells within lymphoid GC’s, with the majority of CAR+ 

cells being CD20+ B-cells. 

 In addition to quantifying the amount of CAR colocalization with our T-cell phenotypic 

markers, CAR+ T-cells were also visualized qualitatively utilizing the binarized mIHC image 

stacks as described in the Materials and Methods section (Figure 13). In agreement with the 

quantitative colocalization data, HSPC-derived CAR+ CD3+ T-cells and CD3+CD8+ CTLs, the 
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target cell population for the CAR, were identified in lymphoid germinal centers. This data 

supports the quantitative colocalization data and indicates that HSPC-derived CAR+ T-cells do 

traffic to lymphoid germinal centers. 

Multilineage engraftment of HSPC-derived CAR expressing cells within the GIT 

 Similar to our analysis of the GCs, we evaluated the phenotypes of CAR+ cells in the GIT 

through colocalization analysis of fluorescent mIHC stained GIT sections from CAR and control 

animals.  An exclusion colocalization approach similar to the GC evaluation was employed to 

evaluate HSPC-derived CAR+ cell differentiation, utilizing a lymphoid-focused phenotypic panel 

(Table 3). Tissues that were determined to have CD4CAR marking below threshold for specific 

detection we excluded from further phenotypic analysis. Additionally, the CAR 2 jejunal section 

was excluded from phenotypic analysis due to a low CAR marking, with a low CAR binarized 

pixel count (CAR Jejunum CAR pixel count: 242); which clustered near the pixel counts for the 

sections that were excluded due to being below the threshold for specific CAR marking. The 

percent CAR marking in the CAR2 jejunal section was also marginally above the threshold 

established from analyzing GIT tissues from CAR- macaques. 

 CD4CAR immunoreactivity predominately colocalized with the T-cell marker CD3 in all 

sections of the GIT. CD3/CAR colocalization was observed in 0.02-1.5% (CAR animals: 0.02-

0.9%; control animals: 0.07-1.5%) of the total CD3+ tissue area (Figure 14A), and accounted for 

16.7-56.5% (CAR animals: 16.7-56.5%; control animals: 25.8-49.4%) of the total CD4CAR 

immunoreactivity (Figure 14B), across all 6 tissue sites. The CD4CAR marker also colocalized 

with CD20+ B-cells (0-0.7% of the total CD20+ area [CAR animals: 0.005-0.7%; control 

animals: 0-0.5%]; 0-41.9% of the total CD4CAR+ area [CAR animals: 4.3-41.9%; control 

animals: 0-29.1%]), with the ileum sections from CAR 1 and control 2 having higher frequencies 
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of CAR colocalization with CD20, compared to CD3 colocalization. Between 5.4-55.8% of the 

total CAR+ area did not colocalize with either CD3 or CD20. Similar to what was observed in 

the lymphoid germinal centers, the lack of colocalization in these subsets of pixels is unknown, 

but may be due to insufficient CD3 and/or CD20 antigen expression in these subsets of cells, or 

HSPC-derived non-lymphoid cell lineages that are expressing the CAR in these tissues (ex. 

myeloid cell lineages). The frequency of CD20 and CD3 marking was relatively consistent for 

both CAR and control animals, across all tissues that were evaluated (Figure 14C). HSPC-

derived CAR+ CD3+ T-cells and CAR+ CD20+ B-cells we also visualized in GIT sections, 

utilizing the binarized mIHC image stacks as described in the Materials and Methods section, 

and was utilized in the lymphoid sections (Figure 15). These results show that HSPC-derived 

CAR+ T-cells and B-cells traffic to, and persist in, the GIT. 

HSPC derived CAR expressing cells are actively dividing within the lymphoid germinal 

centers of CAR and control animals 

 To assess whether HSPC-derived CAR+ cells in GCs were active/proliferating, we 

employed a fluorescent mIHC assay, using Ki-67 as a marker of cell cycle activation. Ki-

67+CAR+ cells were readily identified in germinal centers from both CAR and control macaques 

(Figure 16). There was no qualitative difference in the level of Ki-67+CAR+ cells between the 

CAR and control animals, aside from the reduced frequency of CAR marking observed in tissues 

from CAR 2. Consistent with what was observed with the phenotypic mIHC analysis, the Ki-

67+CAR+ cells predominately colocalized with CD20, indicating they are predominately B-cells. 

As the germinal centers are a site of active B-cell proliferation, these findings are consistent with 

normal B-cells within the germinal centers, as part of affinity maturation.124,125 While Ki-67+ in 

itself does not indicate B-cell functionality, these results provide evidence that expression of a 
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CD4CAR does not disrupt B-cell functionality within the germinal centers. This data supports 

that HSPC-derived CAR+ B-cells are actively proliferating within the lymphoid germinal centers, 

consistent with normal physiologic function.  

No significant clinical toxicities or postmortem pathologic findings associated with 

lentiviral modified HSPC 

 No clinical signs, adverse events, or toxicities were observed during the ~1.8-year 

timespan of the study. All 4 animals experienced transient weight loss (Range: 2.5-14.7% from 

baseline), with a transient thrombocytopenia and leukopenia following total-body irradiation 

(TBI). These findings are consistent with side-effects associated with TBI. All 4 macaques 

developed transient bouts of diarrhea that were managed with antibiotics and/or symptomatic 

treatment. Campylobacter sp. and Shigella sp. were cultured from rectal swabs in a subset of 

these diarrhea cases and were believed to be the cause for the diarrhea in these instances. The 

remaining cases of diarrhea were suspected to be due to other factors; most notably due to 

inflammatory bowel disease (otherwise known as food allergy/hypersensitivity/dietary 

intolerance), with other possible causes including but not limited to stress-associated diarrhea, 

and inflammation in the GIT associated with chronic SHIV infection. CAR 2 developed mild, 

chronic diarrhea approximately 1.5 years post HSPC transplantation, which was managed with 

Tylosin. All 4 macaques developed transient, mild anemias, which were suspected to be due to 

anemia of chronic disease associated with chronic SHIV infection. There were no clinical 

abnormalities associated with the anemia. CAR 2 developed a prolonged period of 

thrombocytopenia starting ~5 months post-SHIV inoculation and was managed with long-term 

oral Clopidogrel. We suspect the thrombocytopenia is related to the SHIV infection, analogous 

to HIV-related thrombocytopenia in humans.126 Thrombocytopenia has also been observed in 
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SIV infected macaques, during both acute and chronic stages of infection.127 All 4 NHP’s gained 

body weight over the course of the study (Range: 76.6-85.8% from baseline weights taken prior 

to TBI), and all reached their planned study endpoint. 

 Table 6 illustrates the major gross and histopathological findings for both the CAR and 

control macaques. All 4 macaques had diffuse testicular hypoplasia that was due to previous 

TBI. Diffuse, eosinophilic, lymphoplasmacytic, and gastro-entero-colitis was also seen 

histologically in all 4 macaques, and is consistent with  inflammatory bowel disease (otherwise 

known as food allergy/hypersensitivity/dietary intolerance) that is seen in most captive-raised 

macaques. A renal adenoma was identified histologically in CAR 1, which is suspected to be an 

incidental finding of idiopathic origin. control 2 developed sub-clinical mild granulomatous 

meningoencephalitis, which is suspected to be due to chronic SHIV infection. This data shows 

that CAR based gene therapies can be safely delivered via HSPC transduction, with no clinical 

pathologic evidence of toxicity. 
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Discussion 

In the present study, we have demonstrated that HSPC-derived CD4CAR expressing cells readily 

traffic to, and persist in, lymphoid GC’s, the CNS, and the GIT, in particular GALT. 

Additionally, we have demonstrated multilineage engraftment of HSPC-derived CAR+ cells in 

GCs and GIT tissues, with evidence of cell cycle activity in CAR+ cells in the GCs. Lastly, we 

demonstrate successful engraftment of lentiviral transduced HSPC’s into HIV tissue reservoir 

sites, with no evidence of toxicity related to the transplantation or the lentiviral insert over the 

~1.8-year duration of the study. This study has broad implications for the use of HSPC-based 

immunotherapies targeting HIV, as well as a variety of other diseases. 

 One major concern with the usage of lentiviral modified HSPC’s, is the potential for 

insertional mutagenesis resulting in a malignant transformation. Notable examples of these 

events occurring include the development of T-cell acute lymphocytic leukemia in 4 individuals 

previously treated with a retroviral vector containing a copy of the common gamma (γc) chain, to 

correct a form of X-linked severe combined immunodeficiency.128–140 The cause of the malignant 

transformations have been speculated to be due to a combination of aberrant activation of proto-

oncogenes (LMO2, CCND2, BMI1) associated with insertional mutagenesis by the viral vector,  

along with acquired somatic mutations.129,130,132,137,138  Additionally, expression of the γc chain 

transgene may have contributed to the malignant transformation through a synergistic effect with 

the previously described mutations 139. Myelodysplasia has been observed in pigtail macaques 

following experimental autologous HSPC transplantation with gammaretroviral vector modified 

stem cells. The dysplasia likely occurred due to a combination of vector mediated insertional 

mutagenesis resulting in overexpression of HOXB4, with subsequent acquired somatic 

mutations. 140 A variety of methods of been employed to reduce the risk of lentiviral vector 
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associated insertional mutagenesis, including but not limited to, the development of self-

inactivating vectors that lack promoter and enhancer activity at the 3’ LTR, incorporation of 

chromatin insulators, modification to the 3’ polyadenylation sequence to reduce transcriptional 

read-through, and modifications to the vector dose to achieve therapeutic efficacy while reducing 

the number of transduced cells infused back into the patient.133,141,142 More than 100 patients 

have been treated with lentiviral-modified HSPCs, with no evidence of insertional mutagenesis 

or neoplastic transformation related to the vector.143-155 While future studies may require longer 

durations to insure safety, the results from this study support that CAR lentiviral modified 

HSPCs can engraft safely, without clinical evidence of insertional mutagenesis and neoplastic 

transformation. 

 The frequency of CAR immunoreactivity in GCs, the CNS, and the GIT were roughly 

equal between CAR and CAR-tailless control animals. This suggests that CAR signaling is not 

necessary for CAR+ cell trafficking to the HIV tissue reservoir sites evaluated in this study. 

While the transgenes may have contributed to trafficking through non-signaling mechanisms, the 

observation of HSPC-derived CAR+ cells in the examined HIV tissue reservoir sites is likely due 

to cell trafficking post-transplantation. Donor HSPC-derived cells have been shown to traffic to 

lymphoid GCs,156 CNS tissues,157–159 and GIT tissues160,161 in rodent animal models, following 

TBI. Donor HSPC-derived cells have been shown to traffic to the small intestinal lamina propria 

and submucosa, as well as donor HSPC-derived TFH cells in GCs, in mice following total body 

irradiation.160,161 Additionally, germinal centers have been shown to have an oligoclonal 

development pattern in rats who received syngeneic thoracic duct lymph (TDL) following lethal 

total body irradiation.156 This manifested as germinal centers containing varying frequencies of 

donor- and recipient TDL derived B-cells within the germinal centers, identical to the mosaic 
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staining pattern of CAR+ and CAR- cells within the germinal centers of the CAR and control 

animals. Based on our findings, along with previously published findings concerning distribution 

of donor derived cells post-HSPC transplantation, we hypothesize that the CAR+ cell trafficking 

observed in the GCs and GIT tissues of CAR and control animals is the result of distribution of 

lentiviral transduced HSPC derived CAR+ cells to these tissue sites as a part of cellular 

reconstitution post-myeloablative conditioning, and is independent of CAR signaling. 

 Trafficking of CAR+ cells to the CNS is likely enhanced due to TBI-mediated disruption 

of the blood-brain-barrier (BBB), allowing for trafficking of HSPC-derived cells to this tissue 

site in the immediate post-irradiation period. Maintenance of the myeloid glial cell population in 

a homeostatic state occurs predominately through self-renewal, with minimal trafficking of bone 

marrow derived myeloid cells into the CNS parenchyma, although this normal trafficking may 

contribute to CAR cells being present in the CNS.162,163 Trafficking of donor HSPC-derived cells 

to the CNS parenchyma has been observed in rodents following myeloablative conditioning by 

TBI.157,164,165 In contrast, rodents receiving HSPC-transplantations following busulfan 

conditioning, delivery of donor cells through parabiosis, or HSPC-transplantation with TBI 

conditioning with the brain shielded, resulted in minimal to no trafficking of donor derived cells 

into the CNS parenchyma.158,159,163,165–169 HSPC-derived cell trafficking to the CNS parenchyma 

following TBI is believed to occur due to TBI-mediated disruption of the BBB, which has been 

demonstrated through increased permeability of the BBB to various intravenous soluble markers 

following TBI, along with endothelial cell loss and reduction in tight junction protein 

immunoreactivity (ZO-1 and occluding) following TBI.170–173 Based on our findings, along with 

previously published findings concerning distribution of donor derived cells post-HSPC 

transplantation and TBI, we hypothesize that the CAR+ cell trafficking to the CNS in CAR and 
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control animals is due early post-transplantation localization, through TBI-mediated disruption 

of the BBB barrier. 

 One important consideration for the introduction of CD4-based CAR’s into HSPC’s, is 

the potential for interactions between the CAR and endogenous MHC II, which could affect T-

cell differentiation and maturation. Over expression of CD4 during thymopoiesis significantly 

inhibits positive selection of CD8+ thymocytes in mice,174 and can drive CD4+CD8+ development 

and 100-fold expansion in mice lacking a functional recombinase activating gene-2 (Rag2-/-).175 

Thyomocyte maturation arrests at the CD4-CD8- stage in Rag2-/- mice that do not overexpress 

CD4, as well as MHCII-/-Rag2-/- mice that overexpress CD4, indicating that the interaction 

between CD4 and MHCII drives thymocyte development and expansion, through signaling and 

activation of Lck associated with the cytoplasmic tail of CD4. Additionally, early developmental 

arrest of T-cells is seen in mice transplanted with CD4CAR transduced HSPCs carrying CD3ζ or 

FcRγ signal transduction domains.176 This attenuation is dependent of signaling through the 

CAR, as T-cell developmental arrest is not observed in mice transduced with CD4CARs lacking 

a signal transduction domain. T-cell development was also rescued when CD4CAR transduced 

HSPCs were transplanted into mice deficient in MHC II, indicating the developmental arrest is 

dependent of CD4CAR binding with MHC II. The CD4CAR development arrest is also specific 

for T-cell lineages, as no attenuation is seen in CAR+ myeloid cells, NK cells, and B-cells. 

Figure 17 illustrates an interspecies comparison of the amino acid sequences for previously 

defined CD4 coreceptor binding domains on the MHC class II α2, β1, and β2 chains, via NCBI 

protein BLAST.177–180 The results show relatively high homology between humans, mice, and 

pigtail macaques, with the β1 chain binding site having the largest interspecies variation in 

primary protein sequences (68.8% homology between mice and humans; 60% homology 
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between mice and pigtail macaques). In all protein chains, the human sequences are more 

analogous to the macaque protein sequences, compared to the mouse sequences. The results of 

the CD4 binding site analysis on MHC II, combined with the evidence that a human based 

CD4CAR interacts with murine MHC II, suggest that the human CD4CAR will likely bind the 

pigtail macaque MHC II antigen. In contrast to what has been shown in mice expressing the 

HSPC-derived CD4CAR, previously published data from these animals shows CD4CAR+ naïve, 

memory, and effector T-cell populations in the peripheral blood of both CAR and control 

animals, over the course of the study.73 While there is likely binding between the CD4CAR and 

the macaque MHC II antigen, this interaction does not appear to arrest T-cell development or 

impair CD8+ T-cell positive, compared to what’s been documented with murine models. 

 While CAR-mediated cytolytic activity has been previously demonstrated with NK cells 

and neutrophils, it is unknown if the CAR B-cells observed in the GCs and GIT can exert any 

sort of CAR directed cytotoxicity. To the authors knowledge, no studies have evaluated the 

function of CAR-expressing B-cells. B-cells are capable of expressing granzyme B, and have 

been postulated to have antiviral functions, early tumor immunosurveillance functions, and 

regulatory functions through granzyme B mediated degradation of CD3ζ.181–184 Granzyme B+ B-

cells have also been shown to exert granzyme-mediated cytolytic activity against tumor cell lines 

in vitro.185 While additional studies are necessary to demonstrate CAR-directed cytotoxicity by 

B-cells, in addition to what has been shown with CAR-NK cells and CAR-neutrophils, previous 

data shows that B-cells are capable of expressing granzyme B, and perform granzyme-mediated 

cytolytic functions. 

 Limitations from this study include the small sample size, rendering us unable to reach 

any statistically significant conclusions between the CAR and control animals. Nevertheless, the 
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findings show long-term, multilineage engraftment of HSPC-derived CAR+ cells in HIV tissue 

reservoir sites, in a large animal model. Additionally, we demonstrate safe delivery of an 

immunotherapeutic CAR to these tissue sites, without evidence of toxicity associated with the 

CAR lentiviral vector. Refinements to this model could be implemented to improve efficacy and 

applicability to a broad spectrum of individuals; including the implementation of 2nd, 3rd, and 4th 

generation CARs to improve cytolytic activity,69,186–191 addition of latency reversing agents to 

drive latent provirus into active replication, making the infected cells susceptible to CAR-

mediated cytotoxicity, and incorporating genes encoding bNAbs as a method of additive 

immunotherapy to block ongoing viral infection.192–194 Additionally, safe delivery and 

maintenance of CAR-modified cells in these tissue sites has the potential for therapies outside of 

HIV, including various forms of neoplasia and autoimmune disorders.176 
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Conclusions 

 We show evidence of HSPC-derived CD4CAR+ cell engraftment in GCs, CNS tissue, 

and GIT tissue, following myeloablative conditioning by TBI. We demonstrated multi-lineage 

engraftment of HSPC-derived CAR+ cells in lymphoid GCs and GIT, with CD3+ T-cells being 

the predominate CAR+ lineage in GIT, and CD20+ B-cells being the predominate lineage in GCs. 

Cell cycle activity is maintained with CAR expression in cells within the GCs, as evidence by 

Ki-67 expression of CAR+ cells. And CAR+ cells are maintained for prolonged periods of these 

tissue sites, with no evidence of toxicity associated with the CAR vector. This HSPC-based 

immunotherapeutic technique has broad implications as a potential therapy for a wide array of 

diseases, including but not limited to infectious diseases, neoplasia, and 

autoimmune/inflammatory mediated disorders. 
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Figures 

 

  

48hr ex vivo 

culture Enriched CD34
+ 

HSPCs from 

mobilized bone marrow 

Figure 1. Schematic for HSPC-derived CAR HIV immunotherapy. A) CD34
+
 HSPC’s were 

isolated from G-CSF primed bone marrow aspirates. Following 48-hour ex vivo culture, during 

which time they were transduced twice with lentiviral vectors containing the C46 fusion inhibitor 

and either CD4CAR or CD4CAR∆ζ, the HSPC’s were infused into the autologous animal 

(Schematic modified from Peterson et al 2016). B) Twenty-eight weeks post autologous HSPC 

transplantation, NHP’s were challenged with SHIV-1157ipd3N4 intravenously. cART was initiated 

24 weeks post-SHIV challenge and was maintained for 28 weeks. Following cART withdrawal, 

animals were monitored for an additional 15 weeks prior to necropsy. (Adapted from Peterson et al 

2016)194 

Therapeutic gene 

delivery via 

lentiviral vector 

Myeloablative conditioning via a 

fractionated dose of 1020 cGy 

total body irradiation 

Autologous transplantation into 

conditioned animal 

Multilineage engraftment of gene modified cells 

A. 

B. 
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 CAR 1 CAR 2 Control 1 Control 2 

Lentiviral transduction: 

Multiplicity of infection 
5 10 10 10 

% lentiviral gene 

marking in necropsy 

PBMC’s 

6.79 9.67 5.13 1.13 

# of Lymphoid tissue 

sites evaluated 
7 7 7 7 

# of Germinal centers 

analyzed/ tissue site: 

Average (range) 

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

Germinal center area 

evaluated (µm2): 

Average (Range) 

4,659,512 

(2,449,374- 

10,634,438) 

2,538,516 

(671,454- 

6,334,436) 

1,993,011 

(793,486- 

3,641,349) 

8,117,001 

(5,715,385- 

10,406,826) 

Average Germinal 

Center Size (µm2/GC) 
80461 50839 57673 81079 

# of CNS tissue sites 

evaluated 
5 5 5 5 

CNS Area evaluated 

(µm2): Average (Range) 

2.02E8 

(8.88E7- 

3.44E8) 

9.40E7 (1.68E7- 

1.57E7) 

1.19E8 (7.09E7- 

2.08E8) 

1.55E8 (1.06E8- 

2.10E8) 

# of GIT tissue sites 

evaluated 
6 6 5 6 

GIT Area evaluated 

(µm2): Average (Range 

7,049,196 

(136,292-

10,925,854) 

1,054,112.188 

(200,110.316-

2,533,296.948) 

3,568,626 

(134,003- 

13,100,956) 

1,247,516 

(375,378-

4,646,763) 

 

  

Table 1. Summary of paraformaldehyde-fixed paraffin-embedded tissue analysis 

by IHC. Summary of the tissue sites evaluated for CAR
+
 cell distribution in the 

lymphoid GC’s, CNS, and GIT.  
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Position Primary 

Antibody 

Clone / 

Host; 

Primary 

Antibody 

Company / 

Item; 

Primary 

Antibody 

Dilution; 

Primary 

Antibody 

Secondary 

Antibody 

OPAL 

Fluor 

1 CD20 
Polyclonal - 

Rabbit 

Thermo - 

PA5-16701 
1:2000 

OPAL 

Ms/Rbt 

Secondary 

540 

2 CD3 
Polyclonal - 

Rabbit 

Dako - 

A0452 
1:800 

OPAL 

Ms/Rbt 

Secondary 

570 

3 

CD68 
Polyclonal - 

Rabbit 

Thermo - 

PA5-32330 
1:200 

OPAL 

Ms/Rbt 

Secondary 
690 

CD163 
EP324 - 

Rabbit 

BioSB - 

BSB3276 
1:2000 

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 
1:2000 

OPAL 

Ms/Rbt 

Secondary 

650 

6 CD35 
polyclonal - 

Rabbit 

Sigma - 

HPA049348 
1:1000 

OPAL 

Ms/Rbt 

Secondary 

620 

   Table 2. Summary of the OPAL fluorescent mIHC utilized for phenotypic colocalization 

analysis of CAR
+
 cells in the lymphoid GC’s. Tissue sections were sequentially stained with 

each primary antibody series, using the OPAL labeling method.112 The positions represent the 

order the primary antibodies were applies applied to the tissue sections, with position 1 being 

applied 1
st
 and position 6 being applies last. 
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Position Primary 

Antibody 

Clone / 

Host; 

Primary 

Antibody 

Company / 

Item; 

Primary 

Antibody 

Dilution; 

Primary 

Antibody 

Secondary 

Antibody 

OPAL 

Fluor 

1 CD20 
L26 / 

Mouse 

Dako    

#M0755 
1:10K 

Opal 

Ms/Rbt 

Secondary 

540 

2 CD4 SP35 / Rbt 
Cell Marque 

104R-16 
 1:200 

Opal 

Ms/Rbt 

Secondary 

620 

3 CD3 SP7 / Rbt 
Thermo   RM-

9107 
1:200 

Opal 

Ms/Rbt 

Secondary 

690 

   Table 3. Summary of the OPAL fluorescent mIHC utilized for phenotypic colocalization 

analysis of CAR
+
 cells in the GIT. Tissue sections were sequentially stained with each 

primary antibody series, using the OPAL labeling method.112 The positions represent the order 

the primary antibodies were applies applied to the tissue sections, with position 1 being 

applied 1
st
 and position 6 being applies last. 
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Position Primary 

Antibody 

Clone / 

Host; 

Primary 

Antibody 

Company / 

Item; 

Primary 

Antibody 

Dilution; 

Primary 

Antibody 

Secondary 

Antibody 

OPAL 

Fluor 

1 CD20 
L26 / 

Mouse 

Dako     

#M0755 

 

1:10K 

Opal 

Ms/Rbt 

Secondary 

520 

2 Ki-67 D3B5 
Cell Signaling   

12202S 
1:500 

Opal 

Ms/Rbt 

Secondary 

620 

3 CD4 SP35 / Rbt 
Cell Marque 

104R-16 
1:200 

Opal 

Ms/Rbt 

Secondary 

540 

4 CD3 SP7 / Rbt 
Thermo   RM-

9107 
1:200 

Opal 

Ms/Rbt 

Secondary 

690 

 

  

Table 4. Summary of the OPAL fluorescent mIHC utilized to evaluate Ki-67 expression 

in CAR
+
 cells in lymphoid germinal centers. Tissue sections were sequentially stained with 

each primary antibody series, using the OPAL labeling method.112 The positions represent the 

order the primary antibodies were applies applied to the tissue sections, with position 1 being 

applied 1
st
 and position 6 being applies last. 
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Figure 2. Schematic for mIHC image processing and colocalization analysis. Individual fluorescent mIHC 

photomicrographs (A; i: CD4CAR IHC, ii: phenotypic mIHC) are initially separated into individual fluorescent 

channels (B). Each channel is individually thresheld and binarized (C), and the individual binarized fluorescent 

channels are recombined into a stack (D; i: binarized CD4CAR IHC, ii: binarized phenotypic mIHC). Binarized stacks 

were analyzed with the Multiplex Pixel Colocalization plugin (E), which generated a list of different fluorescent 

marker colocalization data based on the colocalization of different markers at each pixel coordinate (F). The data was 

subsequently used determine CAR
+
 cell phenotypes in lymphoid GC’s and GALT. 
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Figure 3. Macro code for image binarization of fluorescent mIHC lymph node, spleen, and tonsil 

sections. Binarized stacks of mIHC lymphoid photomicrographs were generated for mIHC 

colocalization analysis. 

var basename = "" 

var folder = "C:/Users/Isaac/OneDrive - UW/Research- Kiem/Experimental Histopathology Requests/Slide Scanning-

Analysis/Fluorescence/Multiplex IHC_GCs/AmFAR 6plex Images/"; 

var stacknames = newArray("Stack-0002", "Stack-0003", "Stack-0004", "Stack-0001", "Stack-0005", "Stack-0006", "Stack-0008", "Stack-0007"); 

var marker = newArray("_CD4CAR", "_CD20", "_CD3", "_CD35", "_CD8", "_CD68-163", "_Autofluorescence", "_DAPI"); 

var color = newArray("Green", "Cyan", "Yellow", "Magenta", "Red", "Grays", "Grays", "Blue"); 

Dialog.create("Enter the name of the image base"); 
Dialog.addString("Basename of Image:", basename, 200);  

Dialog.show(); 

basename = Dialog.getString();  

var stackname = basename + "_stack.tif"; 

var remove1 = 3; 

var remove2 = 6; 

run("Arrange Channels...", "new=41235678"); 

run("Stack to Images"); 
run("Images to Stack", "name=Stack title=[]"); 

run("Stack to Images"); 

var i = 0; 

for(i = 0; i < 8; i++) 

{ 

  if ((i == remove1) || (i == remove2)) 

  { 
    selectWindow(stacknames[i]); 

    close(stacknames[i]); 

  }  

  else { 

  var newname = basename + marker[i]; 

  selectWindow(stacknames[i]); 

  rename(newname); 

  if(i == 7) 
  { 

    run("Duplicate...", "title=_DAPI-ROI"); 

    selectWindow(newname); 

  } 

  run("Subtract Background...", "rolling=50"); 

  run("Measure"); 

  selectWindow(newname); 

  //run("Threshold..."); 
  setAutoThreshold("Otsu"); 

  setOption("BlackBackground", false); 

  call("ij.plugin.frame.ThresholdAdjuster.setMode", "Over/Under"); 

  waitForUser("Record the automatic threshold value, then hit OK"); 

  run("Convert to Mask"); 

  run("Invert"); 

  run(color[i]); 
  selectWindow(newname); 

  run("Remove Outliers...", "radius=2 threshold=50 which=Bright"); 

  saveAs("Tiff", folder + newname + ".tif");  

  if (i == 6) 

  { 

    close(newname + ".tif"); 

  } 

  } 
} 

selectWindow("_DAPI-ROI"); 

//run("Brightness/Contrast..."); 

run("Enhance Contrast", "saturated=0.35"); 

run("Cyan"); 

run("ROI Manager..."); 

roiManager("Show All"); 

roiManager("Show All with labels"); 
setTool("freehand"); 

waitForUser("Annotate and save ROI's using the ROI Manager, and close any channels you do not want to include in the stack; then hit OK"); 

close("_DAPI-ROI"); 

run("Images to Stack", "name=Stack title=[] use"); 

saveAs("Tiff", folder + stackname); 

close(stackname); 
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Figure 4. Macro code for image binarization of fluorescent mIHC GIT sections. Binarized stacks of 

appended mIHC GALT photomicrographs were generated for mIHC colocalization analysis. 

var basename = "" 

var folder = "C:/Users/Isaac/OneDrive - UW/Research- Kiem/Experimental Histopathology Requests/Slide Scanning-

Analysis/Fluorescence/Multiplex IHC_GIT/"; 

var stacknames = newArray("Stack-0001", "Stack-0002", "Stack-0003", "Stack-0004"); 

var marker = newArray("_CD4CAR", "_CD20", "_CD3", "_DAPI"); 

var color = newArray("Green", "Cyan", "Yellow", "Blue"); 

Dialog.create("Enter the name of the image base"); 
Dialog.addString("Basename of Image:", basename, 200);  

Dialog.show(); 

basename = Dialog.getString();  

var stackname = basename + "_stack.tif"; 

run("Stack to Images"); 

run("Images to Stack", "name=Stack title=[]"); 

run("Stack to Images"); 

var i = 0; 
for(i = 0; i < 4; i++) 

{ 

  

  { 

  var newname = basename + marker[i]; 

  selectWindow(stacknames[i]); 

  rename(newname); 
  run("Subtract Background...", "rolling=50"); 

  run("Measure"); 

  selectWindow(newname); 

  //run("Threshold..."); 

  setAutoThreshold("Otsu"); 

  setOption("BlackBackground", false); 

  call("ij.plugin.frame.ThresholdAdjuster.setMode", "Over/Under"); 

  waitForUser("Record the automatic threshold value, then hit OK"); 
  run("Convert to Mask"); 

  run("Invert"); 

  run(color[i]); 

  selectWindow(newname); 

  run("Remove Outliers...", "radius=2 threshold=50 which=Bright"); 

  saveAs("Tiff", folder + newname + ".tif");  

  if (i == 4) 

  { 
    close(newname + ".tif"); 

  } 

  } 

} 

waitForUser("Annotate and save ROI's using the ROI Manager, and close any channels you do not want to include in the stack; then hit OK"); 

close("_DAPI-ROI"); 

run("Images to Stack", "name=Stack title=[] use"); 
saveAs("Tiff", folder + stackname); 

close(stackname); 
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Figure 5. Conceptual schematic for the binarized pixel colocalization that is performed by the Multiplex Pixel 

Colocalization plugin. Example analysis for a hypothetical, binarized, 3 channel photomicrograph (A). Pixels in each 

channel are assigned either a “1” or a “0” based on the presence (1) or absence (0) of fluorescent signal in that pixel 

(B). Binary numbers are generated from each pixel position based on assigned number in each channel (C), which are 

used to increment the count in an array of 2
n
 potential outcomes; where n is the number of channels being evaluated 

for colocalization (D). 
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Table 5. Expected cell phenotypes from pixel-based phenotypic marker colocalization. 

Summary of the colocalization patterns that were used to define different cell phenotypes in 

fluorescent mIHC photomicrographs. Other phenotypic marker combinations were defined as 

“mixed colocalization.”  

 Phenotypic Markers 

Cell Types CD3 CD8 CD20 CD68/CD163 CD4CAR 

T-cells + +/- - - - 

CAR+ T-cells + +/- - - + 

CTLs + + - - - 

CAR+ CTLs + + - - + 

B-cells - - + - - 

CAR+ B-cells - - + - + 

Monocytes/Macrophages - - - + - 

CAR+ Monocytes/Macrophages - - - + + 
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Figure 6. Binarized images are uniform with specific marking in fluorescent images. Binarized 

CD3 fluorescent images (B) compared to the original fluorescent image (A) and a manual CD3
+
 cell 

count (C) within a germinal center, by an independent observer to evaluate the specificity of the 

binarized image. The magenta circle outlines the germinal center. The blue markers (C and D) illustrate 

the manual CD3+ cell counts. The binarized image is shown to be very sensitive and specific for CD3 

marking in the lymphoid germinal center, shown by the presence of orange marking in the overlay 

image (D), which illustrates overlap of the binarized and original fluorescent images. Scale: 50μm. 
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Figure 7. CD4 (SP35) antibody specifically marks CAR
+
 cells with no immunoreactivity to the endogenous 

macaque CD4. Mesenteric lymph node sections from CAR2 (A) and Control 1 (C) show specific 

immunoreactivity in the germinal center, with sparse marking in the parafollicular zone, when labeled with the CD4 

(SP35) antibody clone. Brown indicates immunoreactivity for human CD4CAR; blue indicates hematoxylin 

counterstain. No immunoreactivity was seen in paired adjacent tissue sections labeled with an isotype control (B 

and D). CD4 (SP35) labeling of a human tonsil section (E) shows specific immunoreactivity, which is 

predominately in the parafollicular zone; the pattern is consistent with CD4
+
 T-cell marking in the parafollicular T-

cell zone. No Specific immunoreactivity is seen in the control mesenteric lymph node section from a CAR
-
 

macaque (F), indicating that the CD4 (SP35) antibody clone does not cross-react with the endogenous pigtail 

macaque CD4 antigen. Scale: 50µm. 
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Figure 8. HSPC-derived CAR+ cells localize to the GCs in central and peripheral lymphoid tissues. 

A) Low (i.), medium (ii.), and high magnification (iii) photomicrographs of the CAR1 iliac LN, illustrating 

CAR
+
 cells localizing in the germinal centers. Brown indicates immunoreactivity for human CD4CAR; 

blue indicates hematoxylin counterstain. The lymphoid GC’s have varying degrees of CD4CAR 

immunoreactivity, ranging from germinal centers with high levels of CD4CAR immunoreactivity (*) to 

germinal centers with minimal to no CAR immunoreactivity (†). B) The amount of CD4CAR-labeled 

lymphoid GC’s as a percentage of the total lymphoid GC tissue area in both CAR and Control macaques. 

The dotted red line indicates that average % CD4CAR GC marking in representative lymphoid tissues from 

macaques that did not receive a CAR (0.0031%). Scale: (i.) 1mm; (ii. iii.) 50µm.  

A. 

B. 

† 

† 

† 

* 

* 

* 

* 

† 
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  Figure 9. Subsets of HSPC-derived CD4CAR expressing cells localize to the GC margins in CAR 

animals. Brightfield photomicrographs illustrating CAR
+
 cells localizing to the margins of GCs in CAR 

1 (A: tonsil; B: spleen) and CAR 2 (C: submandibular lymph node; D: spleen). Arrowheads outline the 

germinal center margins, with associated CAR immunoreactivity. Brown indicates immunoreactivity for 

human CD4CAR; blue indicates hematoxylin counterstain. This marginal staining pattern was not 

observed in any of the lymphoid tissues from the control animals. Scale: 50µm.  
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Figure 10. HSPC-derived CD4+ cells localize to the CNS. A) Low (i.) and high (ii. and iii.) magnification 

photomicrographs of the Control 2 basal ganglia, illustrating CD4CAR
+
 cells localizing to the white (ii. Red 

inset) and gray (iii. Blue inset) matter in the CNS (arrowheads). Brown indicates immunoreactivity for 

human CD4CAR; blue indicates hematoxylin counterstain. The magenta line demarcates the margin 

between the gray and white matter in the basal ganglia. B) The amount of CD4CAR-labeled CNS tissue 

(gray and white matter) as a percentage of the total CNS tissue area in both CAR and Control macaques. 

The dotted red line indicates that average % CD4CAR marking in representative CNS sections from CAR
-
 

animals (0.04%). Scale: (i.) 1mm; (ii. iii.) 50µm.  

A. 

B. 
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Figure 11. HSPC-derived CD4+ cells localize to the GIT. A) Low (i.) and high (ii. and iii.) 

magnification photomicrographs of the jejunum from CAR 1, illustrating CD4CAR
+
 cells localizing to 

the GALT (arrowheads). Brown indicates immunoreactivity for human CD4CAR; blue indicates 

hematoxylin counterstain. CAR
+
 cells are also visible in the adjacent submucosa. B) The amount of 

CD4CAR marking in the GALT and associated submucosa as a percentage of the tissue area. The dotted 

red line indicates that average % CD4CAR marking in representative GIT sections from CAR
-
 animals 

(0.013%). Scale: (i.) 1mm; (ii. iii.) 50µm.  

A. 

B. 
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Figure 12. Multilineage engraftment of HSPC-derived CAR
+
 cells in GCs. A) Percentages of total B-

cell (CD20
+
), T-cell (CD3

+
), CTL (CD3

+
CD8

+
), and monocyte/macrophage (CD68/CD163

+
) marking 

that that colocalized with CD4CAR immunoreactivity in GCs. B) Quantitation of CAR
+
 pixel 

colocalization within GCs. C) Distribution of total phenotypic marking (colocalized and non-colocalized 

with the CAR) within the GCs. 
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Figure 13. HSCP-derived CAR
+
 T-cells traffic to GCs. A) Composite fluorescent mIHC 

photomicrograph showing CD3 (yellow), CD8 (red), and CD4CAR (green) immunoreactivity, with 

DAPI (blue) counterstain; from CAR 1 mesenteric LN. B and C) Photomicrographs of separated 

phenotypic markers (B: CD3 and CD8; C: CD4CAR). D) Composite binarized micrograph that 

illustrates CAR colocalization with CD3 (yellow), and colocalization with CD3 and CD8 (red), without 

colocalization with CD20 or CD68/163. E and F) Separated fluorescent micrographs (E: CD3 and 

CD8; F: CD4CAR) overlayed with the binarized micrographs. Arrowheads indicate CAR
+ 

T-cells 

within the GC. Scale: 50μm. 
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Figure 14. Multilineage engraftment of HSPC-derived CAR
+
 cells in the GIT. A) Percentages of total B-cell 

(CD20
+
) and T-cell (CD3

+
) immunoreactivity that colocalized with CD4CAR immunoreactivity. B) Quantitation 

of CAR
+
 pixel colocalization within GCs. C) Distribution of total phenotypic marking (colocalized and non-

colocalized with the CAR) in the GIT. 

A. 

B. 

C. 
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Figure 15. HSCP-derived CAR
+
 T-cells and B-cells traffic to the GIT. A) Composite fluorescent 

mIHC photomicrograph showing CD3 (yellow), CD20 (Cyan), and CD4CAR (green) 

immunoreactivity, with DAPI (blue) counterstain; from Control 1 ileum. B and C) Photomicrographs 

of separated phenotypic markers (B: CD3 and CD20; C: CD4CAR). D) Composite binarized 

micrograph that illustrates CAR colocalization with CD3 (yellow), and CD20 (Cyan), without 

colocalization without CD3-CD20 double positive colocalization. E and F) Separated fluorescent 

micrographs (E: CD3 and CD20; F: CD4CAR) overlayed with the binarized micrographs. Red 

arrowheads indicate CAR
+ 

T-cells, and the magenta arrowhead indicates a CAR
+
 B-cell. Scale: 50μm. 
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Figure 16: HSPC-derived CAR
+
 cells in the lymphoid GC are Ki-67

+
, indicative of cell cycle 

activity. Colocalization of CD4CAR (column 1), CD20 (column 2), and Ki-67 (column 3) are apparent 

in lymphoid GC’s from CAR 1 (A-D), control 1 (E-H), and control 2 (I-L). Ki-67
+
 CD20

+
 B-cells are 

visible in the GC of the CAR
-
 section (N-P). However, no CAR immunoreactivity is present within the 

CAR
-
 section (M). Scale: 50μm. 
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Gross Lesions Histologic Lesions 

CAR 1 

 

 

 

  

• Testicular 

atrophy/ 

hypoplasia 

• Mild to moderate, diffuse, eosinophilic, 

lymphoplasmacytic and histiocytic gastro-

entero-colitis with enteric villar blunting and 

fusion 

• Extensive, diffuse testicular hypoplasia 

• Renal adenoma “in-situ” with atypia 

CAR 2 • Testicular 

atrophy/ 

hypoplasia 

• Mild to moderate, diffuse, eosinophilic, 

lymphoplasmacytic and histiocytic gastro-

entero-colitis with enteric villar blunting and 

fusion 

• Extensive, diffuse testicular hypoplasia 

Control 1 • Testicular 

atrophy/ 

hypoplasia 

• Mild to moderate, diffuse, eosinophilic, 

lymphoplasmacytic and histiocytic gastro-

entero-colitis with enteric villar blunting and 

fusion 

• Extensive, diffuse testicular hypoplasia 

Control 2 • Testicular 

atrophy/ 

hypoplasia 

• Mild, multifocal, granulomatous 

meningoencephalitis 

• Mild to moderate, diffuse, eosinophilic, 

lymphoplasmacytic and histiocytic gastro-

entero-colitis with enteric villar blunting and 

fusion 

• Extensive, diffuse testicular hypoplasia 

  Table 5. No evidence of toxicity associated with CAR lentiviral modified HSPC transduction. 

Summary of the major gross and histologic changes identified on postmortem evaluation of both CAR 

and control macaques. 
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MHC (HLA) class II, α2 chain [residues 125-131] 

Species Sequence ID Sequence % Homology 

Homo sapien P01906.2 LGQPNTL 100% 

Macaca nemistrina XP_011727361.1 LGQPNTL 100% 

Mus musculus AAA39614.1 LGQPNTL 100% 

 

MHC (HLA) class II, β1 chain [residues 41-56] 

Species Sequence ID Sequence % Homology 

Homo sapien P01920.2 YQFKAMCYFTNGTERV 100% 

Macaca nemistrina NP_001292858.1 HQFKFMCYFVNGTERV 81.3% 

Mus musculus AAC17911.1 FQFKGECYFTNGTQRI 68.8% 

 

MHC (HLA) class II, β2 chain [residues 134-155] 

Species Sequence ID Sequence 
% 

Homology 

Homo sapien P05538.2 PSRTEALNHHNLLVCSVTDFYP 100% 

Macaca 

nemistrina 
NP_001292858.1 PSRTEALNHHNLLVCSVTDFYP 100% 

Mus musculus NP_996988.2 SRTEALNHHNTLVCSVTDFYP 95.2% 

  

A. 

B. 

C. 

Figure 17. CD4 coreceptor binding sites on MHC class II antigen chains maintain moderate 

to high amino acid sequence homology across species. Comparison of the CD4 coreceptor 

binding domains on the HLA Class II α2 (A), β1 (B), and β2 chains to the pigtail macaque and 

mouse homologs. High homology is maintained across all 3 species in the α2 and β2. There is high 

amino acid sequence homology between the human and pigtail macaque β1 domain, with moderate 

sequence homology between the human and the mouse. 
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