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Key Points

• Single-photon emission
computed tomography
imaging can be used to image
immune recovery in lymphoid
tissues following transplant.

• There is discordance between
lymphoid tissues and the
peripheral blood in numbers
of CD41 cells following
various doses of irradiation.

Ionizing irradiation is used routinely to induce myeloablation and immunosuppression.

However, it has not been possible to evaluate the extent of ablationwithout invasive biopsy.

For lymphoid recovery, peripheral blood (PB) lymphocytes (PBLs) have been used for

analysis, but they represent <2% of cells in lymphoid tissues (LTs). Using a combination of

single-photon emission computed tomography imaging and a radiotracer (99mTc-labeled

rhesus immunoglobulin G1 anti-CD4R1 (Fab9)2), we sequentially imagedCD41 cell recovery

in rhesus macaques following total body irradiation (TBI) and reinfusion of vector-

transduced, autologous CD341 cells. Our results present for the first time a sequential,

real-time, noninvasive method to evaluate CD41 cell recovery. Importantly, despite

myeloablation of circulating leukocytes following TBI, total depletion of CD41 lympho-

cytes in LTs such as the spleen is not achieved. The impact of TBI on LTs and PBLs is

discordant, inwhichas fewas32.4%ofCD41cellsweredepleted fromthespleen. Inaddition,

despite full lymphocyte recovery in the spleen and PB, lymph nodes have suboptimal

recovery. This highlights concerns about residual disease, endogenous contributions to

recovery, and residual LTdamage following ionizing irradiation. Suchmethodologies also have direct application to immunosuppressive

therapy and other immunosuppressive disorders, such as those associated with viral monitoring. (Blood. 2015;126(24):2632-2641)

Introduction

The therapeutic use of ionizing irradiation is routine and is associated
with myeloablation and immunosuppression. This is particularly true
in the setting of hematopoietic stem cell transplantation (HSCT).
Depending upon the dose of irradiation, the extent of the depletion can
be quite severe with the potential for prolonged recovery periods and
other adverse events, such as interstitial pulmonary pneumonitis.
Successful immune reconstitution without increasing the risk of graft-
versus-host disease is critical to diminishing the riskof posthematopoietic
cell transplant infections, cancer relapse, and secondary malignancies.
Evaluating immune recovery of lymphoid tissues (LTs) following
transplantation, immunosuppressive regimens, or viral infections has
proven to be problematic without invasive biopsy. Fewer than 2% of the
total numbers of lymphocytes are peripheral blood (PB) lymphocytes
(PBLs), the majority reside in LTs.1 Hence, small changes in the dis-
tribution of cells between PB and LT (eg, LT homing) could have
profound effects on PBL counts.

Weandothers have established a large animalmodel for performing
gene transfer and HSCT in rhesus macaques.2 This model has allowed

us to evaluate immune recovery of rhesus macaques transplanted with
immunoselected CD341 cells transduced with retroviral vectors. Most
recently, we developed a chimeric lentiviral vector containing portions
of the HIV and the simian immunodeficiency virus (SIV) which
efficiently transduces rhesus CD341 cells and expresses enhanced
green fluorescent protein (EGFP) as a marker to determine the
contributions of the transduced CD341 cells to various elements of the
hematopoietic lineage posttransplant.3 In addition, we have developed
a strategy to evaluate noninvasively and in real time the contribution
of the CD41 cell population to LTs using single-photon emission
computed tomography (SPECT) imaging.4 This technique has been
used to study the relationships between the PB and LT pool of CD41

T cells in healthy and SIV- or simian/human immunodeficiency virus
(SHIV)-infected animals. In the present study, we have used a com-
bination of SPECT imaging and a radiotracer, 99mTc-labeled rhesus
immunoglobulin G1 (rhIgG1) anti-CD4R1 (Fab9)2, to longitudinally
imageCD41 cell recovery in rhesusmacaques following varying doses
of total body irradiation (TBI) and reinfusion of vector-transduced,
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autologous CD341 cells to determine the impact of thesemodalities on
CD41 T-cell depletion and recovery. This is especially important in
graft rejection, as it has been previously shown that clonable,
alloreactive host T cells can be recovered from the spleen of rhesus
macaques following hyperfractionated TBI and chemotherapy.5

Methods

Animals

Eleven rhesusmacaques (Macacamulatta) were used following National Heart,
Lung, and Blood Institute (NHLBI) and National Institute of Allergy and
Infectious Diseases (NIAID) Animal Care and Use Committee approved
protocols. Eight rhesusmacaques (supplemental Table 1, see supplemental Data
available on theBloodWeb site)were irradiated and transplanted; 7were imaged
pre- and posttransplant, and 6 underwent longitudinal imaging (supplemental
Figure 2). Two (ZI10 and ZI12) received a dose of 3 Gy on 2 sequential days
(3Gyx2) of TBI (6Gy total), 3 (ZG21, ZH32, andZG41) received a dose of 4Gy
on 2 sequential days (4Gyx2) of TBI, and 3 (ZG70, ZI64, and ZJ37) received a
dose of 5 Gy on 2 sequential days (5Gyx2) of TBI. ZI10 developed an antibody
response to the radiotracer and could not be reimaged posttransplant. ZI64 was
euthanized on day 6 posttransplant following SPECT imaging and LTs were
collected for evaluation. One rhesus macaque (G43) in chronic stage, coinfected
with SIV/SHIV lentivirus, with very low PB CD41 T-cell counts was imaged
to serve as a positive control. In addition, 2 long-term transplanted animals
(RQ7280 and RQ7387) having received 5Gyx2 TBI were imaged. The 4Gyx2
TBI animals were also imaged during mobilization with AMD3100 (Sigma-
Aldrich), administered at 1 mg/kg subcutaneously (SQ).

Transplant

CD341 cells were immunoselected from a leukapheresis product following
granulocyte colony-stimulating factor (G-CSF) and stem cell factor (SCF)
mobilization over 5 days as previously described.2 On the last day of irradiation
autologousCD341 cellswere reinfused after being transduced once (multiplicity
of infection [MOI]5 50) with a SIV/HIV chimeric lentiviral vector expressing
EGFP.3

Preparation of F(ab9)2 anti-CD4 antibodies

To produce rhesus recombinant antibody, CD4R1-OKT4A/rhIgG1, comple-
mentarity determining regions (CDRs) representing the anti-CD4 antibody
OKT4A6 were grafted onto a rhesus scaffold using the rhesus germline variable
region as templates. Key positions potentially contributing to antigen binding,
CDR conformation, and heavy-light chain interactions were retained as the
mouse residue.7 DNA representing recombinant variable heavy and variable
light chains were synthesized, amplified by polymerase chain reaction, and
purified from agarose gel with the QIAquick Gel Extraction kit (Qiagen). For
large-scale production of rhesus recombinant antibodies, recombinant heavy-
and light-chain vectors were packaged in retroviral vectors and used to infect
CHO cells using the GPEx expression platform (Catalent Pharma Solutions).
Antibody was produced from a high-expressing transduced subclone, grown
in serum-free medium. After clarification, recombinant antibody was purified
from supernatant by protein A affinity chromatography. The purified antibodies
were placed in phosphate buffer, pH 6.5. Endotoxin levels were,1 endotoxin
unit (EU)/mg of antibody.

F(ab9)2 fragments of CD4R1-OKT4A/rhIgG1 monoclonal antibodies
(mAbs) (F(ab9)2-CD4R1) were prepared by pepsin digestion according to the
manufacturer’s instructions (Thermo Scientific). After digestion, the reaction
mixture was purified using protein A-Sepharose affinity chromatography
(Thermo Scientific), followed by dialysis in phosphate-buffered saline (PBS)
using a dialysis membrane cassette with 20-kDa molecular weight cutoff at 4°C
for 22 hours, and concentrated using a Centriprep YM-50 membrane (Amicon)
to a concentration of 5.2mg/mL. Protein purity was assessed by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (Invitrogen) and size-exclusion
high-performance liquid chromatography (HPLC; Gilson) equipped with a

size-exclusion TSK gel G3000SWXL column (7.83 300 mm, 5 mm [TOSOH
Bioscience]; 0.067 M sodium phosphate/0.15 M sodium chloride, pH 6.8;
1.0 mL per minute) and an ultraviolet monitor.

Conjugation of HYNIC to F(ab9)2-CD4R1

Succinimidyl 6-hydraziniumnicotinate hydrochloride (HYNIC-NHS; Solulink)
was freshly dissolved in dimethylformamide (5.2 mM). Ten times molar excess
(200mmol) of HYNIC-NHSwas added to 2mg (20mmol) of F(ab9)2 fragments
in 0.4 mL of 0.0067 M PBS buffer (PBS 13), pH 7.2. The solution was stirred
gently and incubated in a refrigerator at 4°C for 65 hours. The level of HYNIC
conjugation was estimated to be 3 HYNIC molecules per F(ab9)2 by the
percentage of distribution of 99mTc between HYNIC-F(ab9)2 and free HYNIC
when analyzed by size-exclusion HPLC. The reaction mixture was diluted
10 times with the same PBS and concentrated byAmicon 50K. The conjugated
product was stored in a freezer at 280°C until radiolabeling with 99mTc for
imaging studies.

99mTc labeling

In a rubber-sealed vial, HYNIC-F(ab9)2 -CD4R1 (360 mg in PBS 13) was
incubatedwith 99mTcO4

21 (40mCi; 1480MBq) in0.2mLof aqueousmediumat
pH 6 containing tricine (112 mM, 20 mg/mL), sodium succinate (25 mM), and
stannous chloride (82 mg/mL) at room temperature for 30 minutes. All reagents
were freshlymade in deionizedwaterwhichwas deoxygenized by bubblingwith
N2 stream for1hour. 99mTc-labeledF(ab9)2 proteinswere purifiedonPD-10 size-
exclusion column (GE Healthcare) eluted with PBS, pH 7.2. The radiochemical
purity of the 99mTc-labeled F(ab9)2 was determined by size-exclusion HPLC
equipped with an online flow radioactivity detector (BioScan). The specific
activity of the labeled fragments at the time of injection was .41 mCi/mg.
Radiochemical purity .90% was used for both in vitro and in vivo imaging
studies.

CD4 cell-binding assays

The immunoreactivity of the radiolabeled products was tested using a mod-
ification of a cell-binding assay described by Lindmo and Bunn,8 as previously
described.4

Imaging and biodistribution studies

SPECT/computed tomography (CT) imageswere taken prior to transplant and at
;6, 30, 90, 150, 260, and 380 days post-TBI. Animals were anesthetized with
ketamine (10 mg/kg), and maintained on propofol (Diprivan 10 mg/mL; initial
2.5-5mg/kg dose given as a bolus, then 0.3-0.4mg/kg per minute of constant IV
infusion). Injected doses of 99mTc -F(ab9)2-CD4R1 are reported in supplemental
Table 2. Serial scintillation camera images were acquired with the dual-headed
SPECT-CTcamera (Symbia T2; SPECT/CTSiemens) at 4 hours postradiotracer
injection. The images were obtained with a low-energy high-resolution
collimator. SPECT images were analyzed from 2 independent operators by
manually drawing consecutive regions of interest (ROIs) over the transversal
sections of the heart, liver, kidney, bonemarrow (a first ROIwas positioned over
the proximal segment of the humerus [proximal humerus] and a second ROI
was positioned in the center of the humerus [central humerus]), thymus,
submandibular, axillary and inguinal lymph nodes (LNs), and spleen to cover the
entire volume of the organs (volume of interest [VOI]). The VOI for the
submandibular LNs may also include salivary glands. The coregistration of CT
andSPECTimageswasused to confirm theVOIof the aboveorgans.Toestimate
the relative retention of radiotracers in different organs, semiquantitative analysis
of SPECT images was performed on 3-dimensional-reconstructed and whole-
body images obtained at 4 hours postradiotracer injection. Images were not
corrected for partial volume effect. The retention of radiotracer for eachVOIwas
obtained from themaximumactivity in theVOIminus the background activity in
a VOI placed close to the organ, and normalized on the maximum activity in the
liver. In addition, hepatic and other tissue radiotracer uptakes were measured as
maximumstandardized uptake value (SUVmax) from the SPECT images.At the
end of each imaging study, 500mLof bloodwaswithdrawn forwhole blood and
plasma radioactivity counting in the g counter. No association was found
between liver uptake (SUVmax), whole blood, or plasma SUV and number of
CD41 cells permL (P. .05) in the entire group of 11 animals imaged (baseline
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CD4 count range, 7-1784). This lack of association was confirmed in a larger
group of 31 healthy and SIV/SHIV-infected animals (baseline CD4 count,
7-2335/mL) (S.S. and M.D.M., unpublished data). The association between
radiotracer uptake in kidney, heart, thymus, and bone marrow (proximal and
central humerus) and PB CD4 count (using both retention and SUV as
mathematical operators) was not statistically significant. This suggests that the
majority of the radiotracer uptake in these organs was the result of nonspecific
uptake. In contrast, highly statistically significant associations were observed
between radiotracer uptake in LTs (spleen and clusters of LNs) and the PB CD4
count (P, .01, n5 31), suggesting that themajority of the radiotracer uptake in
these organs is the result of specific uptake.9 Development of immunogenicity to
the radiotracer was monitored using size-exclusion HPLC and an in vitro cell-
binding assay. Baseline and postmobilization (with 1 mg/kg AMD3100 SQ)
SPECT/CT images were taken at least 2 months prior to transplantation for the
4Gyx2 TBI monkeys.

Immunogenicity assays

Plasmas at each imaging time pointwere screened for antibodies to the probe and
data were excluded from the analyses if animals developed an anti-anti-CD4
immune response. Two independent assays were performed to assess immuno-
genicity: radio-HPLC analysis and MT4 cell-binding assay with plasma
preincubated with the radiotracer. Aliquots of 99mTc -F(ab9)2-CD4R1 were
incubated in monkey plasma to reach similar activity concentration to in vivo
plasma concentration at 4 hours postradiotracer injection (;0.1 ng/mL), for
30minutes at 37°C inahumidified5%CO2 incubator.Thealiquot of sampleswere
analyzed by size-exclusion HPLC equipped with an online flow radioactivity
detector using a TSK gel G3000SWXL column (7.83 300 mm, 5 mm; TOSOH
Bioscience) with mobile-phase 0.067 M sodium phosphate/0.15 M sodium
chloride (pH 6.8; 1.0 mL per minute). Another 20 mL of the radiotracer-plasma
incubationmixtures under the above conditions were also dispensed in 2million
MT4 cells and incubated for 90minutes at 4°C for the plasma cell-binding assay.
After incubation, the wells were washed, and the percentage of total activity
bound to cells was determined in a g counter (Wizard).

Flow cytometry

Transduced rhesus CD341 cells were cultured for an additional 3 to 4 days in
vitro and EGFP expression was evaluated by FACSCalibur (BD Biosciences).
After transplantation, EGFP and cell surface marker expression of rhesus
PB cells were analyzed using CD4-conjugated allophycocyanin (APC) (clone
L200), CD8-phycoerythrin (PE), or PE-Cy7 (cloneRPA-T8), andCD20-APCor
PE (clone 2H7; all BDPharmingen). CD341 cells were assessed for purity using
a mouse anti-human CD34-PE (clone 563; BD Pharmingen). Stained cells were
analyzed by a Cytomics FC500 (Beckman Coulter). Absolute numbers were
calculated bywhite blood cell countmultiplied by the percentages of CD4, CD8,
or CD20 within the lymphocyte gate.

Ex vivo analyses

For ZI64, the spleen, and axillary, inguinal, and submandibular LNs were
removed at 6 hours following 99mTc-F(ab9)2-CD4R1 injection. LNs and spleen
aliquotsweremechanically disrupted bypressing through a 70-mmpore-size cell
strainer (Fisher Scientific). Erythrocytes were lysed with ACK lysing buffer
(BioWhittaker), and cells washed with RPMI 1640 (Lonza). Isolated cells were
resuspended in 1 mL of PBS and radioactivity counted in the g counter.

Immunohistochemistry

Fixed embedded tissues sections fromLNs and spleen of ZI64 at day 6 post-TBI,
LNs from ZG21, ZH32, and ZG41 at year 1 post-TBI, and LNs and spleen from
healthy controls were stained with rabbit polyclonal anti-human CD3 antibody
(DakoCytomation). Sectionswere deparaffinized and rehydrated with 4 changes
of xylene and 1 change of graded ethanol for 5 minutes each followed by
pretreatment for 20minutes at 85°C. The samples were sequentially treated with
PBS, aqueous hydrogen peroxide, serum block (bovine serum albumin), the
primary anti-CD3 antibody (1/100 dilution), and the secondary antibody biotin-
conjugated goat anti-rabbit antibody (DakoCytomation). The reaction was
visualized by using the AES substrate kit (Vector Laboratories). Samples were
then rinsed in distilled water and counterstained with hematoxylin. Bright-field

images of stained tissue sections were acquired using a Leica Epi microscope
(Leica).

Statistical methods

The significance of paired differences (within each group) was determined by t
test. All P values are 2-sided. The correlation between radiotracer uptake and
CD41 cell count in the PB was tested with the Spearman rank correlation test.

Results

In vitro binding and ex vivo studies

Binding inhibition with excess amounts of the cold mAbs was;99%
of the total incubated radioactivity and was independent of the con-
centration of radiotracer, suggesting that the radioactivity trapped in
the cell pellet of MT4 cells was the result of specific binding of the
radiotracer (supplemental Figure 1). The percentage of the labeled
fragment bound to cells was .60% at 4 3 106 MT4 cells, and its
immunoreactivity was estimated to be ;100% extrapolated under
condition of excess receptor concentration based on the Lindmo
method,8 similar to the intact anti-CD4mAbs previously described.4 In
order to demonstrate the specificity of radiotracer binding toCD41cells
in vivo, CD41 cells were isolated from the LNs of 2 monkeys 4 hours
after the administration of radiotracer (99mTc -F(ab9)2-CD4R1) and
the total radioactivity associated with the CD41 and CD42 cells
determined.The levelsof the radiotracer associatedwith theCD41cells
were consistently higher than the levels of the radiotracer in the CD42

cells (mean ratio, ;10) thus showing specificity of binding to CD41

cells, consistent with our previous observations using the parent
radiotracer 111In-DTPA-CDR-OKT4A/huIgG4.4,9 The size-exclusion
HPLCanalysis of the plasma at baseline imaging showed that;90%of
the injected 99mTc -F(ab9)2-CD4R1 remainedat;4hours postinjection
in vivo, and no evidence of formation ofmetabolites or catabolites, thus
confirming the stability of the radiotracer in vivo (data not shown).

AMD3100 mobilization

To determine the impact of PBL mobilization on imaging, 3 monkeys
(ZG21, ZH32, and ZG41) were imaged during mobilization with
AMD3100. Previously, we have shown that AMD3100 effectively
mobilizes awide variety of lymphocyte subsets into the PB.10Baseline
SPECT images were taken prior to mobilization and then dynamic
planar acquisitions were acquired for 2 hours postmobilization with
1 mg/kg AMD3100 SQ followed by SPECT images. These images
(Figure1A-B)didnot revealmeasurable changes in thewhole-bodyCD4
pool, despite an approximately twofold maximum increase in CD41

PB cell counts (supplemental Figure 3). This observation is consistent
with a small percentage of CD41 cells being released from tissues to PB
without significantly affecting lymphocyte pools in the whole body.

In vivo imaging studies

CD341 cells were immunoselected from a leukapheresis product
following 5 days of G-CSF and SCF mobilization. On the last day of
TBI, autologous CD341 cells were reinfused after being transduced
once (MOI5 50)with a SIV/HIV chimeric lentiviral vector expressing
EGFP.3 SPECT/CT images were taken prior to transplant and at ;1
week, 1, 3, 5, and 9 months, and 1 year post-TBI (supplemental
Figure 2). Development of immunogenicity to the radiotracer was
monitored using size-exclusion HPLC and an in vitro cell-binding
assay in plasma at each imaging time point (Figure 2). Data were
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excluded from the analyses if the animals developed an antibody
response to the probe.

Following 3Gyx2TBI, both animals rejected their CD341 cell graft
(supplemental Figure 4) despite achieving a PBL nadir of

,150 lymphocytes per mL. In both animals, we observed a very high
percentage (close to 100%) of EGFP-positive cells predominantly
among the granulocyte fraction 1 to 3 months after transplantation
(supplemental Figure 4). As we have reported elsewhere, the presence

Figure 1. Evaluation of CD41 cells in tissues for 4Gyx2 TBI-transplanted monkeys. Baseline (A) and 2 hours postmobilization with AMD3100 (B) SPECT maximum

intensity projection image of ZH32 with arrows pointing to specific tissues along with imaging standard. Baseline and longitudinal SPECT maximum intensity projection images

(C) for up to 1 year following TBI of ZG21, ZH32, and ZG41 rhesus macaques. All images are adjusted within and among monkeys on the maximum liver uptake. Different

image contrasts were applied to head and abdominal field of views to highlight clusters of LNs and spleen. Grayscale images were converted to rainbow colors with

appropriate retention scales, where red color indicates high retention.

BLOOD, 10 DECEMBER 2015 x VOLUME 126, NUMBER 24 IMMUNE RECOVERY IMAGING FOLLOWING TRANSPLANT 2635

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/126/24/2632/1389827/2632.pdf by guest on 02 June 2024



of high titers of anti-EGFP antibody production in these animals11 and
positive mixed lymphocyte cultures in response to GFP stimulators in
others who received 4 Gy TBI,12 are consistent with rejection based
on both cell-mediated and humoral immunity. Both animals also
developed an immune response to the radiotracer, one (ZI10) within
4 weeks of the baseline scan and the other (ZI12) within 7 months
following TBI. Unlike the 3Gyx2 TBI animals, no immunogenicity to
the radiotracer was detected in the 4Gyx2 TBI rhesus monkeys until at

least 1 year posttransplant (Figure 2). After the sixth or seventh
exposure, all 3 animals developed an immune response to the
radiotracer. This suggests immune recovery remained incomplete in the
animals receiving a dose of 4Gyx2 TBI for at least 1 year following
transplant. Similarly, an immune response to the radiotracer was
observed at 1.5 years for ZG70 (Figure 2) using both the plasmaMT4-
binding assay and by HPLC despite a continued tolerance to EGFP
expression.

Figure 2. Immune response to the radiotracer. Formation of high-molecular-weight immune complexes in plasma can be detected by HPLC as early as 3 to 4 weeks

following incubation with the radiotracer. Radiochromatograms were transformed into probability density curves by normalizing for the area under the curve. Development of

the immune response was dependent on TBI dose. (A) For monkeys who received 3Gyx2 TBI it is rapid, within 3 to 4 weeks or 7 months. (B) For 4Gyx2 TBI monkeys, the

immune response is delayed, occurring approximately around 1 year post-TBI. (C) For 5Gyx2, an immune response to the radiotracer appears at 1.5 years. HPLC

chromatograms are in parallel with the plasma-binding assay results (shown as an inset in each HPLC histogram). As a negative control, plasma from an unexposed monkey

(black dash) was run through HPLC on the same day in addition to gel-filtration HPLC standard mixture (as shown in first panel) containing 5 standard components with

different molecular weights (MW) (bovine thyroglobulin [MW 670 000 Da; brown], bovine g-globulin [MW 158 000 Da; green], chicken ovalbumin [MW 44 000 Da; blue], horse

myoglobin [MW 17 000 Da; purple], and vitamin B12 [MW 1350 Da; black]).

2636 DONAHUE et al BLOOD, 10 DECEMBER 2015 x VOLUME 126, NUMBER 24

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/126/24/2632/1389827/2632.pdf by guest on 02 June 2024



At 4Gyx2 TBI, SPECT imaging was evaluated longitudinally
(Figure 1C). At day 6 post-TBI, flow cytometric analysis of the PB
showed that all 3 monkeys experienced dramatic depletion of PBLs
(88%-95% depletion) and CD41 lymphocytes (93%-97% de-
pletion) (Figure 3). SPECT imaging, however, revealed variability
in LT CD4 depletion between and within hosts (Figure 4), with
more dramatic decreases observed in axillary LNs (73%-92%) and
milder decreases in the spleen (36%-40%). This could be compared
with the more profound LT depletion observed in a chronically
coinfected SIV/SHIV rhesus macaque (G43). This difference is
seen on the fusion image of SPECT and CT views showing the
radiotracer retention in the spleen of ZG21 at baseline and day 6
post-TBI, with nearly complete depletion in chronically SHIV/SIV-
infected G43 (supplemental Figure 5).

The recovery of the CD4 pool in tissues appeared overall slower
than the recovery of CD4 cells in the PB, suggesting that changes in
trafficking rates between LTs and PB play a role in transplant recovery.
By month 9 post-TBI, 1 animal (ZG41) had full recovery of the PB
CD41 Lc count and the CD4 pool in axillary LNs quantified by
SPECT/CT imaging, butminimal recovery ofCD4poolswas observed
in the spleen. In another animal (ZG21), full recovery of the PB CD41

cell count was observed by month 5 concomitant with full recovery of
the spleen CD4 pool, despite still .70% depletion of CD4 pool in
axillary LNs. In the last animal (ZH32), by month 3, the CD41 lym-
phocyte count in PBwas fully recovered, however, minimal CD4 pool
recoveries were observed in LT through 1 year post-TBI. Overall, in
vivo imaging revealed suboptimal reconstitution of the CD4 pool in
axillary LNs 1 year from TBI (mean 54% recovery from baseline),

Figure 3. Immune recovery in PB and LTs for 4Gyx2 and 5Gyx2 TBI-transplanted monkeys. The total number of lymphocytes (A) and CD41 cells (B) in PB, the retention

of radiotracer in spleen (C), axillary (D) and submandibular (E) LNs relative to the baseline retention, and the maximum liver (F) SUV for up to 1 year following 4Gyx2 TBI of

ZG21 (blue), ZH32 (red), and ZG41 (green) and 5Gyx2 of ZG70 (black dash) and ZJ37 (brown dash) rhesus macaques.
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consistent with LN immunohistochemistry (IHC) data (supplemental
Figure 6).

Splenic resistance to irradiation was also observed in the 5Gyx2
animals imaged at day 6 post-TBI, with themaximum depletion (59%)
observed in ZG70 (Figure 4), yet not as dramatic as the depletion
observed in the cluster of LNs in the TBI animals or as dramatic as the
depletion observed in the spleen of a SIV/SHIV chronically coinfected
animal (G43) with similar low CD4 counts in the PB. ZI64 was
euthanized immediately following imaging at day 6 post-TBI, and IHC
for CD3 expression in LTs of ZI64 (Figure 5) correlated with the
SPECT imaging in that residual CD31 lymphocytes were found in the
spleen, while there was complete disruption of LN architecture.

By grouping all animals imaged at day 6 post-TBI, a statistically
significant decrease in radiotracer retention is observed in the axillary
LNs (P5 .003, n57), submandibularLNs (P5 .016, n57), and spleen
(P, .001, n5 7); by limiting the analysis to the animals imaged up to
month 6 post-TBI, we still find a statistically significant lower uptake in
the axillary LNs compared with baseline levels (P5 .029, n5 5).

The 2 long-term transplanted animals (4 and 4.2 years from 5Gyx2
TBI) showed whole-body distribution of the CD4 pool similar to
healthy controls, with 1 animal showing radiotracer retention in the
cluster of LNs still low compared with healthy controls (supplemental

Figure 7). In addition, both of these monkeys developed an antibody
response to the radiotracer following a single exposure.

Ofparticular interestwas the discordance between rapid recovery of
CD41EGFP2 lymphocytes and the delayed appearance of CD41

EGFP1 lymphocytes (Figure 6). This contrasts with CD201 lympho-
cyteswhosePBnumbersweremore effectivelydepletedwith irradiation
andEGFP1andEGFP2subsets recoveredvirtually inunison (Figure6).
Based on EGFP expression, it appears to take longer for transplanted
CD341 cells to contribute to some lineages (CD4) than others (CD20).
The more rapid reappearance of CD41EGFP2 than CD41EGFP1

numbers may be a result of endogenous recovery of CD41 cells from
TBI-resistant reservoirs such as the spleen.

Discussion

Little is known about the extent of total body LT damage and recovery
following TBI.Most of what is known is based on invasive procedures
requiring either biopsy, or necropsy, and/or studies of PB. It has been
shown that clonable, alloreactive T cells could be isolated from the
spleens of rhesus macaques following hyperfractionated TBI and

Figure 4. SPECT maximum intensity projection

images. SPECT maximum intensity projection images

comparing (C) 3Gyx2 (ZI12), (B) 4Gyx2 (ZG21, ZH32,

ZG41), and (A) 5Gyx2 (ZG70, ZI64, and ZJ37) at day 6

post-TBI and (D) a chronically infected SHIVDH12R/

SIVmac239 rhesus macaque (G43). Despite low circu-

lating levels of CD41 cells in all animals, residual CD41

cells remain within LT such as the spleen following TBI,

but more profound depletion is associated with chronic

SHIV infection. Different image contrasts were applied to

head and abdominal field of views to highlight clusters of

LNs and spleen. Grayscale images were converted to

rainbow colors with appropriate retention scales, where

red color indicates high retention.
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chemotherapy.5 This is problematic if one is concerned about residual
disease, endogenous contributions to recovery, and/or graft-versus-host
disease. Here, we have developed a noninvasive means of evaluating
LT recovery following TBI. We tested this approach in a large animal
model using SPECT/CT imaging on rhesusmacaques receiving various
doses of TBI andHSCT using autologous CD341 cells transducedwith
a chimeric lentiviral vector expressing the EGFP transgene marker.
At a TBI dose of 3Gyx2, both the radiotracer and transgene proved
immunogenic. At 4Gyx2, however, longitudinal studies could be per-
formed for at least 1 year using the radiotracer until, in all cases,
the animals developed an immune response to the tracer despite a
continued tolerance to EGFP expression. Similarly, for 5Gyx2, at
1.5 years an immune response was detected to the radiotracer with
continued expression of EGFP. This suggests that tolerance can be
successfully achieved to an antigen which is continually expressed,13

however, intermittent exposure to an antigen, in this case the radiotracer,
althoughdelayed, will become immunogenic upon immune recovery
of the transplanted animal. Our findings demonstrate a clear
difference between continued and intermittent exposure to an
antigen and its immunogenicity in the transplant setting. Whereas
animals develop tolerance to EGFP, intermittent exposure to the
radiotracer remained immunogenic upon immune recovery.

Surprisingly, SPECT/CT imaging revealed significant retention of
CD41 cells within immune tissues at day 6 post-TBI at all doses
examined.Thiswas despite a dramatic reduction inCD41 lymphocytes
in the circulation. Flow cytometric analysis of PB revealed a residual
population of CD41 cells following TBI, but a .99% depletion of
CD201 cells. More dramatic decreases of CD41 cells for the 4Gyx2
TBI groupwere observed in axillaryLNs (73%-92%) than in the spleen
(36%-40%). Thus, it appears the spleen remains a significant reservoir
of CD41 lymphocytes following TBI. The novel anti-CD4 radiotracer
used in this study cannot discriminate between CD41T cells and other
CD41 cells such as macrophages. The latter cells, however, express
CD4 at relatively low levels per cell compared with lymphocytes.14,15

Moreover, the percentage of mononuclear cells that are macrophages

is much lower than lymphocytes in spleen and LNs.16 Hence, the
contribution to the total binding sites for the radiotracer, that is, CD4
receptors per unit mass/volume of tissue, brought by the macrophages/
monocytes compartment is expected to be much lower than the
contribution brought by the CD41 T cells. This is corroborated by the
IHC conducted on CD31 cells which shows evidence of a substantial
pool of T cells that survive the TBI in the spleen but not in the LNs,
consistent with the imaging data presented in this study.

A clear discordance was noted between PB and LTs in CD41 cell
recovery. The PB CD41 lymphocyte count returned to baseline within 4
to 9months for the 4Gyx2TBI group, however, in vivo imaging revealed
suboptimal reconstitution of the CD41 cell pool in axillary LNs even at
1 year fromTBI (mean 54% recovery frombaseline). Thiswas consistent
with IHC evaluated at 1 year post-TBI in the 3 4Gyx2 monkeys
(supplemental Figure 5). Peripheral LNs appear to be particularly
damaged followingTBI andmaynever fully recover despite a normalized
circulatingCD41 lymphocyte cell count. Although at 5Gyx2SPECT/CT
imaging revealed a more severe depletion of CD41 cells in LTs, CD41

lymphocyte cells could still be observed in the spleen. Of particular
interest was the discordance between rapid recovery of CD41EGFP2

lymphocytes and the delayed appearance of CD41EGFP1 lymphocytes.
This contrasts with CD201 lymphocytes in which CD201EGFP1 and
CD201EGFP2 subsets that weremore effectively depleted by irradiation
recovered simultaneously. Thus, lymphocyte subset and LT sensitivity to
irradiation appear to differ in recovery kinetics.

Our results present for the first time a noninvasive method in real
time to evaluate CD41 cell immune recovery in LTs following HSCT
using SPECT/CT imaging. Despite close to complete ablation of
circulating leukocytes following TBI, we did not observe total
depletion of CD41 cells in LTs such as the spleen. This study advances
the field of molecular imaging in being able to longitudinally follow
lymphoid recovery following TBI and will permit investigators to
evaluate in real time the extent of CD4 immunosuppression following
a variety of therapeutic regimens and disease states, such as those
associated with viral infections. As imaging technology advances, so

Figure 5. IHC of healthy and day 6 post TBI spleen

and axillary LN tissues. (A-B) The comparison of

spleen tissue stained for CD31 cells in (A) a healthy

control (DCAK) to (B) a 5Gyx2 monkey euthanized on

day 6 post-TBI (ZI64). Residual lymphocytes (stained

with a rabbit polyclonal anti-human CD3 antibody) were

observed within the spleen but with a complete disruption

of LN architecture in ZI64. (C-D) A similar comparison of

axillary LN. These ex vivo data correlates with the SPECT

imaging.
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does its potential. The recovery of other hematopoietic subsets besides
CD4 can be monitored following transplant. The location and
therapeutic role of specific cell types in cellular or immunotherapies
can be evaluated. Reservoirs of cells in LT of patients undergoing
allogeneic transplantation can be followed in real time for either graft
rejection or graft-versus-host disease and treated early. In addition, an
investigator can therapeutically either accelerate or deter the expansion
of a particular cellular subset andmonitor the treatment’s success. Still,
work needs to be done. Clearly, avenues need to be explored and
developed to avoid immune responses to the radiotracer so that
sequential imaging can be performed safely without the need of TBI.
Along with pioneering attempts to provide noninvasive imaging to
determine antiretroviral drug penetration17 or SIV viral replication,18

themethodologybehindwhole-bodypharmacodynamicshas advanced
significantly in the past decade, appearing less futuristic.
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