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SUPPLEMENTAL 

 

Supplemental Materials and Methods 

 

Animal demographics and husbandry 

Twenty male rhesus macaques aged 5.8 ± 0.5 years obtained from World Wide Primates Incorporated 

(Miami, FL). Animals were pre-screened by intradermal tuberculin testing to exclude tuberculosis and by 

immunoassay to exclude simian retroviruses (Washington National Primate Research Center, Seattle, 

WA). Animals were examined by a veterinarian upon arrival and then quarantined for 60 days per 

standard institutional protocol. After quarantine, animals transitioned to a Western-like diet (Typical 

American Diet, TAD; LabDiet, St. Louis, Mo.). All experimental procedures were performed in accordance 

with the Guide for Care and Use of Laboratory Animals and followed an approved protocol for avoidance 

of pain and discomfort and conducted in compliance with the XXXXX Institutional Animal Care and Use 

Committee requirements. XXXX is accredited by the Association for the Assessment and Accreditation of 

Laboratory Animal Care International, and operates in compliance with the Animal Welfare Act.  

 

Irradiation 

Animals were randomized to receive 4 Gy total body irradiation (TBI) (n=14) or sham irradiation (n=6). 

Irradiations were performed at Day 0 on a clinical linear accelerator using two lateral fields of 6 MV x 

rays (174 cm source-axis-distance (SAD), 32 x 40 cm2 field size @ 100 cm from the source, nominal dose 

rate of 0.8 Gy/minute @ 174 cm SAD, 2.7 minute irradiation time per field). The irradiation geometry 

was geometrically confirmed prior to animal irradiation using a calibrated dosimeter. 
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Each animal was sedated via an intramuscular (IM) injection of 15 mg/kg ketamine and placed in the 

supine position between two plastic build-up screens for skin dose, knees up and arms crossed at the 

lower abdomen, with water-bolus compensation for thinner body regions (head and lower legs). The left 

side was irradiated first to 2 Gy and the animal was then rotated 180 degrees to irradiate the right side 

to 2 Gy, for 4 Gy total. Dose calculations were performed for 2 Gy to mid-plane per field, based on 

anatomical measurements (nominal depths of 8-10 cm). Sham-irradiated animals underwent all 

procedural steps, including sedation, positioning, and observation from outside the radiation room for 

the elapsed time of irradiation for each field, except that ionizing radiation was not delivered.   

 

Medical Management and Complete Blood Counts with Differentials 

Monkeys were monitored daily for evidence of illness, food consumption, defecation and urination. 

Illness was determined using methods modified from the Children’s Cancer Group Clinical Toxicity 

Criteria51. Additionally, complete blood counts with differentials and blood chemistry panels were 

conducted weekly after irradiation and intervention was guided by clinical pathologic findings as 

described previously by our group52. Animals received supportive care as necessary. This consisted of 

enteral feeding-gavage, subcutaneous fluids, blood transfusion and pain medication (buprenorphine, 

non-steroidal anti-inflammatories, and famotidine as a gastric protectant). Antibiotics (enrofloxacin (10 

mg/kg) or ceftiofur sodium (30 mg/kg)) were administered when the absolute neutrophil count (ANC) 

was less than 500 /µL and were continued until the ANC returned to over 500 /µL as described by 

McVittie et al.53. 

 

Vaccination 

Approximately 118 weeks (826 days) after TBI, all 16 animals were concurrently vaccinated with a single 

0.5 mL IM dose of a polyvalent polysaccharide vaccine against 23 Streptococcus pneumoniae strains 
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(Pneumovax®23 for serotypes 1, 2, 3, 4, 5, 6B , 7F , 8, 9N , 9V , 10A , 11A , 12F , 14, 15B , 17F , 18C , 19A 

, 19F , 20, 22F , 23F , 33F; Merk and Co., Kenilworth, NJ) and a 0.5 mL IM dose of quadrivalent northern 

hemisphere 2018/19 seasonal influenza vaccine (FluLaval® tetra containing hemagglutinins from 

A/Michigan/45/2015(H1N1), A/Singapore/INFIMH-16-0019/2016(H3N2), B/Phuket/3073/2013 and 

B/Colorado/06/2017 strains; GlaxoSmithKline, RTP, NC). A second 0.5 mL IM booster dose of the 

influenza vaccine was administered four weeks later. Serum was isolated from each animal immediately 

prior to vaccination (baseline) and 1, 4, 5, 8- and 16-weeks post. 

 

Peripheral Blood Collection and Processing 

Animals were sedated by IM injection with 15 mg/kg ketamine and then femoral vein blood was drawn 

into sodium heparin-coated collection tubes (BD Bioscience, San Jose, CA) then shipped overnight at 

room temperature. The following day, plasma and PBMC were separated using Accuspin System-

Histopaque-1077 separation tubes (Sigma, St. Louis, MO) by centrifugation at 1000xg for 10 minutes at 

room temperature according to the manufacturer’s instructions. Freshly-isolated PBMC were washed in 

RPMI-1640 medium (Sigma), immunophenotyped and the remaining cells and plasma cryopreserved. 

 

Immunophenotyping and Flow Cytometry 

Freshly isolated PBMC were labeled for 40 minutes at room temperature with fluorescently 

conjugated antibodies (targets, clones and suppliers are listed in Supplemental Table S1) at 20 x106 

cells/mL in PBS 1% BSA (Invitrogen, Carlsbad, CA). Cells were then washed in PBS 1% BSA, washed in PBS 

(Sigma) and then stained for 30 minutes at room temperature with live-dead fix aqua viability dye 

(Invitrogen, Carlsbad, CA) in PBS (Sigma). Cells were washed in PBS and then fixed overnight at 4°C in 4% 

paraformaldehyde (ThermoFisher, Waltham, MA) in PBS. Fixed cells were analyzed using a LSRII flow 
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cytometer (BD Bioscience, Franklin Lakes, NJ) running Diva software v8.0 (BD Bioscience) and data were 

gated using FlowJo software v10.4 (BD Bioscience).  

Flow cytometry gating strategies are shown in Fig. S1. In brief, viable cells were gated by 

forward/side scatter and then B cells were gated as CD20+. T cells were gated as CD3+ and CD4+, CD8+ or 

CD4+CD8+. Naïve, central memory and effector memory T cells were defined as CD28midCD95low, 

CD28highCD95high and CD28low/-CD95mid/high, respectively33. Plasmacytoid and myeloid DC were defined as 

CD3-CD20-HLA-DR+CD14-CD123+CD11c- and CD3-CD20-HLA-DR+CD14-CD123-CD11c+, respectively33. 

Baseline flow cytometry data were collected approximately five months prior to radiation exposure. 

 

Influenza Microneutralization 

Neutralizing antibody titers were determined by microneutralization assay according to World Health 

Organization guidelines54. Sera were heat-inactivated for 60 minutes at 56°C then diluted 1:10 in virus 

diluent (DMEM, 100U/mL Penicillin-Streptomycin, 2mM L-glutamine, 7.5% bovine serum albumin, 1 

µg/mL TPCK-treated Trypsin, all ThermoFisher) then serially diluted two-fold in a flat-bottomed 96-well 

tissue culture plate for a final range of 1:10 - 1:1280. Diluted samples were mixed 1:2 with virus diluent 

containing 100 TCID50 of each influenza virus of interest (A/Michigan/45/2015 (H1N1)pdm09, 

A/Singapore/INFIMH-16-0019/2016 (H3N2), B/Colorado/6/2017 (Victoria Lineage) or 

B/Phuket/3073/2013 (Yamagata Lineage); all from International Reagent Resource, Manassas, VA) and 

incubated for 60 minutes at 37°C 5% CO2. MDCK cells (London strain. International Reagent Resource) 

were trypsinized (ThermoFisher) and 1.5x104 cells added to each well. Plates were then incubated 

overnight at 37°C 5% CO2. The next day, medium was removed by aspiration and each well washed with 

PBS (ThermoFisher). 250 µL of -20°C 80% acetone (VWR, Radnor, PA) was added to each well and plates 

incubated at room temperature for 10 minutes. The acetone was then removed and plates air-dried. 

Each well was then washed three times with wash buffer (PBS, 0.1% Tween-20; Sigma). Primary 
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antibody (mouse anti-Influenza A nucleoprotein clones A1 and A3 (Millipore MAB8251) or mouse anti-

Influenza B nucleoprotein clones B2 and B4 (Millipore MAB8661)) was diluted 1:4000 in antibody diluent 

(PBS, 7.5% BSA, 0.1% Tween-20, 1% dry non-fat milk; all ThermoFisher) and 50 µL added to every well. 

Plates were incubated for 60 minutes at room temperature then washed three times with wash buffer. 

Secondary antibody (goat anti-mouse conjugated to horseradish peroxidase (HRP) (KPL, Milford, MA)) 

was diluted 1:4000 in antibody diluent and 50 µL added to every well. Plates were incubated for 60 

minutes at room temperature then washed five times with wash buffer. 100 µL HRP substrate (0.5% O-

phenylenediamine dihydrochloride in 0.05 M phosphate-citrate buffer, both Sigma) was added to every 

well and incubated at room temperature. The reaction was stopped with 100 µL 0.5N sulfuric acid 

(Sigma) after color change was observed in virus-only control wells. Absorbance at 490 nM was read 

using a Synergy H1 plate reader (BioTek, Winooski, VT). Wells with absorbance values less than or equal 

to 50% of virus-only control wells were scored as neutralization positive. Data were expressed as the 

geometric mean of the reciprocal of the final dilution factor that was positive for neutralization. All 

samples were assayed in at least duplicates. 

 

Hemagglutinin-binding Enzyme Linked Immunosorbent Assay (ELISA) 

High-binding assay plates (Corning Inc, Corning, NY) were coated overnight with 2 µg/mL HA protein 

B/Phuket/3073/2013 (aa 16-546), (A/Michigan/45/2015) (H1N1)-pd09-like, B/Colorado/6/2017 (aa 16-

546) or A/Singapore/ INFIMH-16-0019/2016X (H3N2) (all eEnzyme, Gaithersburg, MD) in CBC Buffer (15 

mM Na2CO3, 35 mM NaHCO3, pH 9.5; both Sigma). Plates were washed three times in PBS 0.1%, Tween-

20 (Sigma), blocked for 2 hours with 3% non-fat milk (Quality Biological, Gaithersburg, MD) in CBC 

buffer and then sera serially-diluted in PBS, 10% FBS, 5% goat serum, 0.05% Tween-20 (all Sigma), 1% 

non-fat milk were applied. Plates were incubated at 4°C overnight, washed three times in PBS 0.1%, 

Tween-20 and then plate-bound IgG was detected by incubation for 2 hours at room temperature with 
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mouse anti-human IgG Fc-HRP clone H2 (Sothern Biotech, Birmingham, AL) diluted 1:4,000 in PBS, 5% 

FBS, 5% goat serum, 0.05% Tween-20, 1% non-fat milk. Plates were washed three times in PBS, 0.1% 

Tween-20 and then 3,3',5,5'-tetramethylbenzidine (TMB) HRP colorimetric substrate (Sigma) was added. 

After 15 minutes, the HRP/TMB reaction was stopped by addition of 1M sulfuric acid (Sigma) and the 

absorbance at 450 nm quantified using a Synergy H1 reader.  

 

Signal Joint T Cell Receptor Excision Circles (sjTREC) quantification 

Cryopreserved PBMC were thawed, counted using a ViCell XR counter (ThermoFisher) and labelled with 

CD4+-binding magnetic microbeads (Miltenyi Biotec, Auburn, CA). CD4+ cells were isolated using LS 

magnetic columns (Miltenyi Biotec) via positive selection according to the manufacturer’s protocol. Non-

CD4+ cells were then labelled with CD8+-binding magnetic microbeads (Miltenyi Biotec) and the CD8+ 

cells isolated as above. Cells were counted, pelleted by centrifugation and then lysed at 10,000 cells/μL 

in 96 μg/mL proteinase K (Roche, Basel, Switzerland) at 56°C for 1 hour at 1200 RPM. Proteinase K was 

denatured at 95°C for 10 minutes and then sjTREC in the lysates were quantified by real-time PCR 

exactly as described previously27. Briefly, sjTREC in the lysates and serial dilutions of a quantified NHP 

sjTREC standard plasmid27 were amplified using 0.125μL Platinum Taq DNA polymerase, 0.2 mM dNTPs, 

3.5 mM MgCl2 (all Invitrogen) 0.5 μM primers (5’-CAC ATC CCT TTC AAC CAT GCT-3’ and 5’-GCC AGC TGC 

AGG GTT TAG G-3’), and 2 μM Rhesus sjTREC probe with internal quencher (5’-/56-FAM/AC GCC TCT 

G/ZEN/G TTT TTG TAA AGG TGC TCA CT/3IABkFQ/-3’) (IDT, Coralville, IA) using a CFX Maestro or CFX96 

RT-PCR instrument (Bio-Rad, Hercules, CA) using the following program: 95°C for 10 minutes; 45 cycles: 

95°C for 15 seconds then 60°C for 1 minute. Lysate sjTREC content was extrapolated using a standard 

curve of sjTREC plasmid concentration against sjTREC plasmid Ct values. 

 

Pneumococcal IgG Multiplex Assay 
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IgG antibodies against pneumococcal serotype-specific polysaccharides were assayed using a custom 

multiplex bead array similar to methods previously described for human29 and NHP30 samples. NHP test 

sera and World Health Organization human anti-pneumococcal reference serum 007sp (National 

Institute for Biological Standards and Control, Potters Bar, UK)28 were diluted 1:2 in PBS pH7.2 (Sigma) 

containing two pneumococcal cell wall polysaccharide (CWPS) adsorbents (10 μg/mL CWPS multi; 

Statens Serum Institut, Copenhagen, Denmark) and incubated for 1 hour at room temperature to 

neutralize anti-CWPS and non-specific homologous antibodies55. 007sp with CWPS was diluted 1:50 and 

then serially diluted 3-fold to create an 8-point reference curve. Test samples with CWPS were diluted 

1:200. Diluted samples and 007sp were incubated for 1 hour at room temperature with fluorescent 

magnetic microspheres (Luminex Corp., Austin, TX) labelled with pneumococcal polysaccharides (~2500 

beads/serotype; FXImmune Diagnostics, Candler, NC). After sample binding, microspheres were washed 

in PBS/1%BSA (Invitrogen) and incubated for 30 minutes at room temperature with 4 µg/mL biotinylated 

detection antibody (anti human/Rhesus IgG Fc clone H2, Southern Biotech). Microspheres were then 

washed in PBS/1%BSA and biotinylated antibody labeled with 8 µg/mL streptavidin-phycoerythrin 

(Invitrogen). Microspheres were identified by fluorescent signatures unique to each bound 

polysaccharide and associated phycoerythrin was quantified using a BioPlex 200 multiplex bead reader 

(Bio-Rad). Data were analyzed using BioPlex manager software v6.2 (Bio-Rad). Raw data were expressed 

as median fluorescent intensity (MFI). MFIs for serially diluted 007sp were used to create standard 

curves for each polysaccharide via 5PL linear regression, and undiluted 007sp IgG binding of each 

serotype was set to an arbitrary value of 1000. NHP test sera IgG-binding of each polysaccharide was 

then calculated relative to that of 007sp. 

 

T Cell Receptor Sequencing and Analysis 
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RNA was extracted from cryopreserved PBMC using the RNeasy Mini Kit (Qiagen, Valencia, CA) 

according to the manufacturer’s instructions. Briefly, frozen PBMCs were thawed at 37°C for 2 minutes 

and immediately centrifuged at 400xg for 5 minutes. The supernatant was carefully discarded and 600 

μL buffer RLT Plus was added to the cell pellet. The cell pellet was and then the liquid was transferred to 

a QIAshredder (Qiagen, Valencia, CA), and centrifuged at 8,000xg for 1 minute. RNA was subsequently 

purified following the manufacturer’s instructions and eluted in 50 μL of RNase free water. Rhesus TCR 

/ libraries were generated with rhesus-specific reverse primers provided by Takara (Mountain View, 

CA) in combination with the SMARTer Human TCR / Profiling Kit, which uses a 5’ RACE-like approach 

to capture full length V(D)J sequences. 5-50 ng RNA was used to generate libraries using the 

manufacturer’s instructions for the human TCR kit with a few modifications: after reverse transcription, 

two enrichments of the TCR / chains were amplified in a single reaction for each by mixing reverse  

and  primers at a 2:1 ratio. The PCR conditions for the two target enrichments were initial denaturation 

at 95°C for one minute; 25 cycles of denaturation (94°C one minute), annealing (62°C one minute), 

extension (68°C one minute), followed by final extension at 72°C for 10 minutes. Final libraries were 

purified with a single size selection using SPRIselect Beads (Beckman Coulter, Indianapolis, IN), and 

checked using Agilent D5000 Screen Tape (5067-5588). The libraries were quantified using the KAPA 

library quantification kit (Kapa Biosystems, Woburn, MA). Libraries were sequenced using the MiSeq 

Reagent Kit v3 (2 x 300 cycles) on an MiSeq with a 20% Phix spike-in (Illumina, San Diego, CA). Raw 

sequence reads were filtered for Q-scores above 30. The filtered high-quality sequences from each 

sample were demultiplexed using BaseSpace Sequence Hub (Illumina) and exported as Fastq files for 

subsequent analyses. 

 

Clonal Analysis 
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TCR sequence annotation and clonal assignments were performed using the software MiXCR31 default 

parameters with TCRα and β chains analyzed separately. Based on an analysis of a set of technical 

replicate samples, a read count threshold of 1000 reads per clone was chosen to optimize a tradeoff 

between replication and recovery rates (Supplemental Table S2). Clones that did not exceed a threshold 

of 1000 reads per clone were therefore discarded from further analysis. Clones were considered to recur 

between timepoints if their CDR3 sequence matched within a three base pair cutoff to account for 

differences arising due to errors introduced during PCR amplification or sequencing. The cumulative 

frequency of shared clones was calculated as the number of clones at baseline also found at nine 

months divided by total read counts at baseline. Clonality scores were computed as the Shannon 

entropy: 

−∑𝑝𝑖 log 𝑝𝑖

𝑁

𝑖

 

where 𝑝𝑖  is the frequency of clone 𝑖. Lower clonality scores reflect predominance of a small number of 

clones (oligoclonal), whereas higher clonality scores indicate a flatter frequency distribution of clones 

(polyclonal).  

The reproducibility of the sequencing protocol was evaluated by sequencing duplicate vials of 

PBMC from two control and two irradiated animals. The cumulative frequencies of overlapping clones 

between duplicates, calculated as the sum of frequencies of shared clonotypes between duplicate 

samples among total reads, were 0.94 for both chains (TCRα: 0.940±0.054, TCRβ: 0.941±0.055), and the 

top clones were essentially identical between duplicates with minor changes in rank-order (Fig. S2A, 

S2B). TCRα and TCRβ entropy, which are highest when clonality and diversity are maximized, were 

similar between assays of duplicate vials (Fig. S2C).  

 

Statistical Analyses of Neutralization and IgG Titers 
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To evaluate influenza neutralization, titers for each virus and animal were plotted against time 

and then the area under the curve (AUC) for each plot was calculated using Prism. AUC data were 

plotted using R v3.5.0 (R Core Team) in RStudio software v1.1453 (RStudio Inc, Boston, MA) using the 

pheatmap package v1.0.12 (Ravio Kolde). AUC differences between animals for each virus were 

evaluated for significance using t tests without correction for repeated measures. 

To evaluate HA and pneumococcal polysaccharide IgG responses, IgG-binding for each HA or 

polysaccharide and animal were normalized to their respective baseline (pre-immunization) values and 

then the AUC for the above baseline-response for each serotype and animal was calculated using Prism. 

Data were converted to a log scale by calculating log(AUC+1) so that non-responders, i.e. those with 

AUC=0, gave log(AUC+1)=0. Pneumococcal polysaccharide data were hierarchically-clustered by 

serotype and then both HA- and pneumococcal data were plotted using R, RStudio and pheatmap as 

above. Columns were arranged by hierarchical clustering. Log(AUC+1) differences between animals for 

each HA and serotype were evaluated for significance using t tests without correction for repeated 

measures.  
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Supplemental Table S1 – Antibody Clones and Suppliers 

ANTIGEN CLONE SUPPLIER 

CD3 SP34 BD 
CD95 DX2 BD 
CD8 SK1 BioLegend 
CD28 15E8 Miltenyi Biotec 
CD45 D058-1283 BD 
CCR7 G043H7 BioLegend 
CD4 L200 BD 
CD3 10D12 Miltenyi Biotec 
CD20 2H7 BD 
CD1C L161 BioLegend 
CD14 MφP9 BD 
CD11C 3.9 BioLegend 
CD123 7G3 BD 
HLA-DR G46-6 BD 
CD27 M-T271 BD 
CD80 2D10 BioLegend 
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Supplemental Table S2 – Replication and Recover Rates for TCR Sequencing 

ANIMAL CHAIN CUTOFF NUMBER 
CLONES 
SAMPLE 1 

NUMBER 
CLONES 
SAMPLE 2 

NUMBER 
OVERLAPPING 
CLONES* 

CLONE 
OVERLAP† % 

B α 100 3443 6702 1033 30.00% 
B α 1000 73 187 59 80.82% 
B α 10000 1 3 1 100.00% 
B β 100 216 538 77 35.65% 
B β 1000 13 15 12 92.31% 
B β 10000 0 0 0 N/A 
C α 100 1654 1765 1040 62.88% 
C α 1000 151 169 144 95.36% 
C α 10000 13 17 13 100.00% 
C β 100 269 281 224 83.27% 
C β 1000 45 48 38 84.44% 
C β 10000 4 4 3 75.00% 
D α 100 1299 1409 1266 97.46% 
D α 1000 140 156 140 100.00% 
D α 10000 15 18 15 100.00% 
D β 100 429 432 394 91.84% 
D β 1000 53 53 52 98.11% 
D β 10000 2 3 2 100.00% 

 

*Clones are counted as overlapping if their CDR3 sequences matched within a 3 base pair tolerance 

†Computed as number of overlapping clones divided by min(# clones Sample 1, # clones Sample 2)  
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SUPPLEMENTAL FIGURE LEGENDS 

 

Fig. S1. Flow Cytometry Gating Strategy. Rhesus Macaque PBMCs were isolated from whole blood and 

then stained with live/dead aqua viability stain plus various fluorescently tagged antibody cocktails. 

Stained cells were analyzed by flow cytometry and gated for identification of (A) dendritic cell, (B) B cell 

or (C) T cell populations. Fig. shows gating strategies for each population.  

 

Fig. S2. TCR α and β Immunodominant Clone Identification and Entropy Measurements are Consistent 

Between Replicate Assays of the Same Sample. mRNA was isolated from duplicate vials of 

cryopreserved PBMC collected from four Rhesus macaques nine months after either sham irradiation 

(n=2) or 4 Gy total body irradiation (n=2). The TCR α and β chain mRNAs in each set of duplicates were 

then sequenced. Top 10 immunodominant (A)TCRα and (B) TCRβ clones are shown for each pair of 

replicates. Each color represents a distinct clone, and clones found in both replicates of a sample are 

numbered. NB: there is no relationship between numbered clones in different animals. (C) Shannon 

entropy for each pair of replicate samples. A perfect pair of replicates would have identical 

immunodominant clones with identical distributions and the same entropy for each replicate. Some of 

these data were also used in the final analysis (Fig. 4). 

 

Fig. S3. There is no Difference in Influenza HA IgG Titers Between Control and Irradiated Rhesus 

Macaques Four Weeks After Initial Seasonal Influenza Vaccination. Rhesus macaques were either sham 

irradiated (0 Gy, n=6) or subject to 4 Gy total body irradiation (n=10). Approximately 118 weeks after 

irradiation, animals were vaccinated with a priming dose of the quadrivalent 2018/19 seasonal influenza 

vaccine. Serum was collected four weeks after the prime dose and assayed for IgG binding of the 
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hemagglutinins (HA) of the four influenza strains included in the vaccine. Horizontal line indicates mean 

titer for each group and HA. 

 


