
 1

Control of SIV infection in prophylactically vaccinated, ART-naïve macaques is required 1 

for the most efficacious CD8 T cell response during treatment with the IL-15 superagonist 2 

N-803  3 

 4 

 5 

Amy L. Ellis-Connell*, Alexis J. Balgeman*, Olivia E. Harwood*, Ryan V. Moriarty*, Jeffrey T. 6 

Safrit§, Andrea M. Weiler‡, Thomas C. Friedrich†,‡, and Shelby L. O’Connor*,‡, ¶ 7 

 8 

*Department of Pathology and Laboratory Medicine, University of Wisconsin-Madison, 9 

Madison, WI 53711 10 

†Department of Pathobiological Sciences, University of Wisconsin-Madison, Madison, WI 11 

53711 12 

‡Wisconsin National Primate Research Center, University of Wisconsin-Madison, Madison, WI 13 

53711 14 

§ImmunityBio, Culver City, CA 90232   15 

 16 

¶Address correspondence to Shelby L. O’Connor: e-mail; slfeinberg@wisc.edu; phone, 17 

(608)890-0843 18 

 19 

Running Title:  N-803 robustly boosts CD8 T cell response in SIV controllers 20 

 21 

 22 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 3, 2022. ; https://doi.org/10.1101/2022.06.02.494515doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.02.494515
http://creativecommons.org/licenses/by-nc/4.0/


 2

Funding: This study was supported by funding supplied through the National Institutes of Health 23 

(NIH R01 grant number AI108415). This research was conducted at a facility constructed with 24 

support from Research Facilities Improvement Program grant numbers RR15459-01 and 25 

RR020141-01. The Wisconsin National Primate Research Center is also supported by grants 26 

P51RR000167 and P51OD011106. 27 

 28 

Conflict of interest statement:  J.T.S. is an employee of ImmunityBio. 29 

 30 

 31 

Abstract 32 

 33 

The IL-15 superagonist N-803 has been shown to enhance the function of CD8 T cells and NK 34 

cells. We previously found that in a subset of vaccinated, ART-naïve, SIV+ rhesus macaques, N-35 

803 treatment led to a rapid but transient decline in plasma viremia that positively correlated 36 

with an increase in the frequency of CD8 T cells. Here we tested the hypothesis that prophylactic 37 

vaccination was required for N-803 mediated suppression of SIV plasma viremia. We vaccinated 38 

rhesus macaques with a DNA prime/Ad5 boost regimen using vectors expressing SIVmac239 39 

gag, with or without a plasmid expressing IL-12, or left them unvaccinated. Animals were then 40 

intravenously infected with SIVmac239M. Six months after infection, animals were treated with 41 

N-803. We found no differences in control of plasma viremia during N-803 treatment between 42 

vaccinated and unvaccinated macaques. Furthermore, the SIV-specific CD8 T cells displayed no 43 

differences in frequency or ability to traffic to the lymph nodes. Interestingly, when we divided 44 

the SIV+ animals based on plasma viral load set-point prior to N-803 treatment, N-803 increased 45 
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the frequency of SIV-specific T cells expressing ki-67+ and granzyme B+ in animals with low 46 

plasma viremia (<104 copies/mL; SIV controllers) compared to animals with high plasma 47 

viremia (>104 copies/mL;SIV non-controllers). In addition, Gag-specific CD8 T cells from the 48 

SIV+ controllers had a greater increase in CD107a+CD8+ T cells when compared to SIV+ non-49 

controllers. Overall, our results indicate that N-803 is most effective in SIV+ animals with a pre-50 

existing immunological ability to control SIV replication. 51 

 52 

 53 

Introduction 54 
 55 
While nearly all individuals mount a CD8 T cell-mediated immune response to acute HIV/SIV 56 

infection, very few individuals spontaneously control HIV/SIV replication (1, 2). Several studies 57 

comparing the immune responses of elite controllers to those of progressors have implied that 58 

polyfunctional CD8 T cells, consisting of both cytolytic and non-cytolytic responses, are 59 

responsible, at least in part, for the control of HIV/SIV infection(3–5). 60 

 61 

Prophylactic vaccine studies have been performed to elicit polyfunctional CD8 T cells that 62 

mimic those present in elite controllers (6, 7). Despite this, most of these strategies fail, and the 63 

CD8 T cells lose their potential to kill infected target cells and suppress virus replication (8–10). 64 

 65 

Recently, many investigators have turned to the use of immunotherapeutic agents which could, 66 

in combination with vaccines, improve the ability of CD8 T cells to target and destroy infected 67 

cells during HIV/SIV infection (11). One such class of immunotherapeutic agents that can boost 68 

the CD8 T cell response to HIV/SIV is interleukin-15 (IL-15) agonists (12, 13). IL-15 is a 69 

cytokine that is normally produced by antigen-presenting cells during viral infections, and 70 
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promotes the development and growth of several innate and adaptive immune cells, in particular, 71 

NK and CD8 T cells(14–16).  72 

 73 

One member of the class of IL-15 agonists that has gained enthusiasm in immunotherapeutic 74 

studies and clinical trials recently is N-803. N-803 is a soluble IL-15 superagonist, where a 75 

constitutively active IL-15 molecule containing a single amino acid mutation (N72D) is bound to 76 

the sushi domain of IL-15Rα and fused to the Fc region of IgG1 (17, 18). N-803 is in use in 77 

clinical trials in cancer patients, as it improves the ability of CD8 T cells and NK cells to target 78 

and destroy tumor cells (19).  79 

 80 

There is a growing body of evidence suggesting that N-803 may be an ideal immunotherapeutic 81 

agent in HIV+ individuals. Previous in vivo studies of SIV+ macaques (20–22) indicated that N-82 

803 treatment increased CD8 T cell and NK cell frequencies. N-803 also increased the 83 

frequencies of these cells in the lymph nodes, likely attributed to increased expression of lymph 84 

node homing markers such as CXCR5 (21). These promising features of N-803 have been a part 85 

of the rationale to test it in a Phase II clinical trial in HIV+ individuals in Thailand under the 86 

name of Anktiva™ (https://immunitybio.com/immunitybio-announces-launch-of-phase-2-trial-87 

of-il-15-superagonist-anktiva-with-antiretroviral-therapy-to-inhibit-hiv-reservoirs/), as well as in 88 

clinical trials in the United States (23) (https://actgnetwork.org/studies/a5386-n-803-with-or-89 

without-bnabs-for-hiv-1-control-in-participants-living-with-hiv-1-on-suppressive-art/). 90 

 91 

While N-803 has the potential to boost the frequency and cytolytic function of CD8 T cells in 92 

vivo (20–22), the subsequent impact on HIV/SIV replication is less clear. We previously treated 93 
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four ART-naïve SIV+ rhesus macaques with N-803, and they all exhibited transient control of 94 

SIV plasma viremia within 7 days of N-803 treatment (20). Suppression of SIV replication in 95 

these four animals, in the absence of ART, did not completely extend to other SIV+ animal 96 

studies  (21). This could be partly attributed to the latency reversing activity of N-803 (24, 25). 97 

Understanding the conditions under which N-803 can successfully boost immune responses to 98 

control actively replicating SIV/HIV or reduce the viral reservoir is necessary to improve the 99 

clinical relevance of this agent.   100 

 101 

Here, we begin to define the features of SIV+ macaques that are associated with N-803-mediated 102 

suppression of SIV replication. Previous associations include a lower chronic viral load set point 103 

(≤104 SIV gag copies/mL plasma) prior to N-803 treatment, host MHC genetics associated with 104 

spontaneous SIV control, and prior vaccination  (20, 21). In this study, we tested the hypothesis 105 

that pre-existing vaccine-elicited CD8 T cells were required for N-803-mediated suppression of 106 

SIV replication. We used rhesus macaques (RM) expressing the Mamu-A*001 MHC class I 107 

allele, which is not associated with natural control of SIV infection (26–28). Unfortunately, 108 

treatment with N-803 failed to reduce plasma SIV viremia in vaccinated or unvaccinated 109 

macaques.  110 

 111 

We then rearranged the animal groups to determine if spontaneous initial control of SIV 112 

replication was associated with improved immunological responsiveness of polyfunctional virus-113 

specific CD8+ T cells to N-803. We characterized the function of peripheral SIV-specific CD8 T 114 

cells prior to and during the first seven days after N-803 treatment. We found that the 115 

proliferative and cytolytic capacity of the SIV-specific cells from the SIV non-controllers did not 116 
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increase to the same extent as the SIV controllers after N-803 treatment. Our results imply that 117 

N-803 efficacy is likely maximized in a host who has not succumbed to severe immunological 118 

dysfunction associated with SIV/HIV pathogenesis.  119 

 120 

Materials and Methods 121 
 122 

Animals and reagents.  123 

Animals. All fifteen (15) newly infected Indian rhesus macaques involved in this study were 124 

genotyped for the MHC class I allele Mamu-A1*001 using methods described previously (29). 125 

All animals involved in this study were cared for and housed at the Wisconsin National Primate 126 

Resource Center (WNPRC), following practices that were approved by the University of 127 

Wisconsin Graduate School Institutional Animals Care and Use Committee (IACUC; protocol 128 

number G005507). All procedures, such as administration of vaccines, biopsy, and blood draw 129 

collection, and N-803 administration were performed as written in the IACUC protocol, under 130 

anesthesia to minimize suffering.  131 

 132 

Frozen samples were also analyzed from rhesus macaques included in a previously published 133 

study (20) that was approved under protocol #G005507. Table I shows a list of the animal ID, 134 

sex, and age of each animal, and which figures samples from each animal were included. 135 

 136 

Table I.  Animals included in study. 137 

Animal ID Sex Age (years) Figures samples were 
used for 

rh2903 M 5.3 1-10; S4 

rh2906 F 4.2 1-10; S4 
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rh2907 F 4.4 1-10; S4 

rh2909 M 5.8 1-10; S4 

rh2911 M 5.7 1-10; S4 

rh2919 F 4.8 1-10; S4 

rh2920 M 6.7 1-10; S4 

rh2921 F 4.8 1-10; S4 

r05053 F 15 1-10; S4 

r15053 M 3.8 1-10; S4 

r15090 F 3.6 1-10; S4 

r03019 F 15.3 1-10; S4 

r10063 M 10.3 1-10; S4 

rh2493 M 12.1 1-10; S1-S4 

rh2498 M 12.1 1-10; S3,S4 

r08016 M 8.7 5-10; S4 

r08054 M 8.3 5-10; S4 

r09089 M 7.4 5-10; S1, S4 

r11021 M 5.9 5-10; S4 

S1-S4, Supplementary figures 1-4. 138 

 139 

DNA plasmid vector. The endotoxin-free DNA plasmid vaccine vector (hCMV/R-SIVmac239 140 

gag) utilized in this study consisted of the SIVmac239 gag gene produced under the control of a 141 

CMV promoter (hCMV/R) and was constructed as previously described (30). This plasmid 142 

vector was kindly provided by Drs. John Mascola, Robert Seder and Wing-Pui Kong at the NIH 143 

Vaccine Research Center.  144 

 145 
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Rhesus IL-12 DNA plasmid vector. The endotoxin-free rhesus IL-12 DNA plasmid vector 146 

(plasmid AG157) was kindly provided by Drs. George Pavlakis and Barbara Felber. This 147 

plasmid vector consisted of the two subunits of the rhesus IL-12 gene expressed from dual 148 

promoters in the plasmid and was constructed as previously described (31). 149 

 150 

rAd5 SIVmac239gag vaccine vector, All vaccinated animals received 1010 particles of a 151 

replication-incompetent rAD5 vaccine vector expressing SIVmac239 gag (ViraQuest; North 152 

Liberty, IA). 153 

 154 

N-803 reagent. N-803 was provided by ImmunityBio (San Diego, CA), and produced using 155 

methods previously described (18).  156 

 157 

Clinical procedures and viral loads. 158 

 159 

Vaccination of Rhesus macaques. The vaccine regimen consisted of a heterologous DNA 160 

prime/Ad5 boost strategy.  Briefly, all vaccinated macaques received two (2) doses of 2mg of a 161 

DNA vaccine vector expressing the SIVmac239 gag gene, with or without 0.2mg of a rhesus 162 

macaque IL-12 plasmid expression vector, delivered by electroporation (described below). Each 163 

dose was separated by four (4) weeks. Four weeks after the second DNA vaccination, animals 164 

were given a boost vaccine consisting of 1010 particles of an rAD5 vaccine vector expressing 165 

SIVmac239 gag, delivered intramuscularly.  166 

 167 
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Delivery of DNA vectors by electroporation. As described above, animals were given two doses 168 

of DNA vaccine vector, delivered approximately 4 weeks apart, following protocols as 169 

previously described (32). Briefly, 2mg of hCMV/R-SIVmac239 gag plasmid, with or without 170 

0.2mg of rhesus macaque IL-12 plasmid (AG157) were prepared in 500μL of endotoxin-free 171 

PBS. The plasmids were delivered intramuscularly via electroporation. The electroporation 172 

device was provided by Ichor Medical Systems (San Diego, CA). The electroporation method 173 

has been utilized in previous studies (33) and consisted of an electrical impulse of 40ms over a 174 

400ms duration, at 250V/cm.  175 

 176 

SIVmac239M infection. All fifteen (15) animals in this study were infected intravenously with 177 

10,000 infectious units (IU) of a barcoded SIVmac239, termed SIVmac239M. In the case of the 178 

vaccinated macaques, SIV infection occurred eight (8) weeks after the rAd5 vaccination. The 179 

SIVmac239M virus used in this study was kindly provided by Dr. Brandon Keele and was 180 

constructed as previously described (34).  181 

 182 

N-803 administration. The N-803 dose and route of administration used in this study were 183 

previously determined to be safe and efficacious in macaques (18, 20). In the present study, all 184 

macaques received N-803 approximately 6 months after SIV infection. They received three (3) 185 

doses of 0.1mg/kg N-803, administered subcutaneously. Each dose was separated by two weeks.  186 

 187 

Viral loads. Plasma viral loads were quantified as previously described (20, 35). Briefly, viral 188 

RNA (vRNA) was isolated from plasma samples using the Maxwell Viral Total Nucleic Acid 189 

Purification kit (Promega, Madison WI). Then, vRNA was reverse transcribed using the TaqMan 190 
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Fast Virus 1-Step qRT-PCR kit (Invitrogen) and quantified on a LightCycler 480 or LC96 191 

instrument (Roche, Indianapolis, IN).  192 

 193 

IFNγ ELISpot assays. To validate that vaccination elicited Gag-specific immune responses, 194 

IFNγ ELISPOT assays were used, as previously described (36, 37). Briefly, frozen peripheral 195 

blood mononuclear cells (PBMCs) from the indicated timepoints pre- and post-vaccination were 196 

thawed, and 1X105 cells were then added to each well of a monkey IFNγ ELISPOT plate 197 

(Mabtech, Sweden), along with 1μM of either Gag181-189CM9 or Tat28-35SL8 peptides in RPMI 198 

media supplemented with 10% Fetal bovine serum (FBS). As negative and positive controls, 199 

cells were incubated with either RPMI media with 10% FBS alone, or media supplemented with 200 

10ug/mL concanavalin A, respectively. The plates were incubated overnight at 37ºC and 5% 201 

CO2, and developed the following day according to the manufacturer’s instructions. Plates were 202 

read by using an AID robotic ELISPOT reader (AID, Strassberg, Germany). A positive response 203 

was defined as the number of spot-forming colonies (SFCs) per 106 PBMCs that were 2 standard 204 

deviations above the average value for the negative control, or 50 SFCs/106 PBMC, whichever 205 

was greater. 206 

 207 

Flow cytometric analysis. 208 

 209 

Tetrameric reagents. The Mamu-B*008 Nef137-146RL10 and Mamu-A1*001 Tat28-35SL8 210 

biotinylated monomers were produced by the NIH Tetramer Core Facility at Emory University 211 

(Atlanta, GA). The Mamu-A1*001 Gag181-189CM9 biotinylated monomer was purchased from 212 

MBL International (Woburn, MA). The Mamu-B*008 Nef137-146RL10 and Mamu-A*001 Gag181-213 
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189CM9 monomers were then tetramerized with streptavidin-PE (0.5mg/mL, BD biosciences) at a 214 

4:1 molar ratio of monomer: streptavidin. Briefly, 1/10th volumes of streptavidin-PE were added 215 

to the monomer every 10 minutes and incubated in the dark at 4ºC until the 4:1 molar ratio was 216 

achieved. The Mamu-A*001 Tat28-35SL8 monomer was tetramerized to streptavidin-BV605 217 

(0.1mg/mL, BD biosciences) or streptavidin-APC (0.25mg/mL, Agilent Technologies) at 8:1 218 

monomer:streptavidin molar ratios for both fluorochromes. The tetramerization protocol was 219 

identical to that described above. 220 

 221 

In vitro characterization of NK cells. Using freshly isolated PBMC isolated from whole blood 222 

samples, NK cells were characterized using the antibodies, staining panel, and methods 223 

described in table 2 of our previous manuscript (20). Flow cytometric analysis was performed on 224 

a BD Symphony A3 (Becton Dickinson, Franklin Lakes, NJ), and the data were analyzed using 225 

FlowJo software for Macintosh (version 10.7.1).  226 

 227 

In vitro characterization of SIV-specific CD8 T cell phenotype and function. For all 228 

characterization of CD8 T cell phenotypes and functional analyses performed in this study, 229 

frozen PBMC isolated from whole blood samples were used. The panels used are indicated in 230 

Tables II-IV.  231 

 232 
 233 
Table II. Cytolytic granule/proliferation panel 234 

Antibody Clone Tetramer/Surface/Intracellular 

Gag181-189CM9-PE or Nef137-146RL10-PE --- Tetramer 

Tat28-35SL8-BV605 --- Tetramer 

MR1 5OPRU-BV421 --- Tetramer*** 
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CD3-AF700 SP34-2 Surface 

CD4-BUV737 SK3 Surface 

CD8-BUV395 RPA-T8 Surface 

CD28-BV510 CD28.2 Surface 

CD95-PE Cy7 DX2 Surface 

CCR7-BV711 G043H7 Surface 

LIVE/DEAD Near IR ARD --- --- 

ki-67-AF488 B56 Intracellular 

GranzymeB-PE CF594 GB11 Intracellular 

Perforin-AF647 PF344 Intracellular 

***The MR1 5OPRU tetramer staining was used to characterize MAIT cells, which were 235 
excluded from this manuscript. 236 
 237 
 238 
 239 
Table III. Chemokine/trafficking panel 240 

Antibody Clone Tetramer/Surface/Intracellular 

Gag181-189CM9-PE  --- Tetramer 

Tat28-35SL8-BV605 --- Tetramer 

MR1 5OPRU-APC --- Tetramer*** 

CD3-AF700 SP34-2 Surface 

CD4-BUV737 SK3 Surface 

CD8-BUV395 RPA-T8 Surface 

CXCR3-BV650 G025H7 Surface 

CCR6-PE Cy7 11A9 Surface 

CXCR5-PerCP Efluor710 MU5UBEE Surface 

CD122-BV421 Mik-β3 Surface 

CD132-BB515 AG184 Surface 
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LIVE/DEAD Near IR ARD --- --- 

***The MR1 5OPRU tetramer staining was used to characterize MAIT cells, which were 241 
excluded from this manuscript. 242 
 243 
For all panels, tetramer staining was performed prior to additional surface and intracellular 244 

staining. Tetramer stains were performed at room temperature in the dark for 45 minutes in 245 

RPMI media supplemented with 10% FBS and 50nM dasatinib (Thermo Fisher Scientific, 246 

Waltham, MA). After 45 minutes, the cells were washed in a solution of FACS buffer (2% FBS 247 

in a 1X PBS solution) containing 50nM dasatinib and surface stains were performed using the 248 

antibodies indicated in Tables II-IV for 20 minutes at room temperature in the dark. Cells were 249 

fixed in a 2% paraformaldehyde solution. Following a 20-minute incubation, samples were either 250 

run on a BD Symphony A3, or permeabilized and stained for 20 minutes at room temperature in 251 

medium B (Thermo Fisher Scientific, Waltham, MA) for intracellular markers. Flow cytometric 252 

analysis was performed as described above. 253 

 254 

Intracellular cytokine staining (ICS) assay. Intracellular cytokine staining (ICS) assays were 255 

performed as previously described, with slight modifications for optimal responses (20, 36). 256 

Briefly, frozen PBMC were thawed and rested for approximately 4-6 hours in RPMI media 257 

containing 15% FBS. Then, Gag181-189CM9 or Tat28-35SL8 peptides, or the SIVmac239 Gag 258 

peptide pool were added to the cells at a final concentration of 0.5μg/mL. Cells and peptides 259 

were incubated at 37ºC for 90 minutes, then 1μg/mL Brefeldin A (BioLegend, San Diego, CA) 260 

and 2μM monensin (BioLegend, San Diego, CA) were added along with CD107a-BV605, and 261 

incubated for 16 hours (overnight) at 37ºC and 5% CO2. The following day, the cells were 262 

stained according to methods described above with the surface and intracellular antibodies 263 

described in Table IV. Flow cytometric analysis was performed as described above. 264 
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 265 
Table IV. Antibodies used for ICS assay.  266 

Antibody Clone Tetramer/Surface/Intracellular 

CD3-V500 SP34-2 Surface 

CD4-BUV737 SK3 Surface 

CD8-BUV395 RPA-T8 Surface 

CD107a-BV605 H4A3 Surface 

TNFα-AF700 Mab11 Intracellular 

IFNγ-FITC 4S.B3 Intracellular 

LIVE/DEAD Near IR ARD --- --- 

 267 

 268 
 269 
Statistical analysis. For statistical analyses performed with the same individuals across time, 270 

repeated measures ANOVA non-parametric tests were performed, with Dunnett’s multiple 271 

comparisons. For individuals with missing samples for a subset of timepoints, mixed-effects 272 

ANOVA tests were performed using geisser-greenhouse correction.  273 

 274 

For statistical analysis comparing two groups of animals from the same timepoint, Mann-275 

Whitney tests were used.  276 

 277 

 278 

 279 

 280 

 281 

 282 
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Results 283 

 284 

Treatment with N-803 did not suppress chronic SIV replication in vaccinated or 285 

unvaccinated rhesus macaques.  286 

 287 

Our initial goal was to test the hypothesis that prophylactic vaccination elicits CD8 T cells that 288 

are recalled during N-803 treatment and suppress plasma viremia. We designed a study with 15 289 

rhesus macaques expressing the Mamu-A1*001 MHC class I allele, but did not express the 290 

Mamu-B*008 or -B*017 alleles associated with SIV viral control (27, 38). Ten animals were 291 

vaccinated with a DNA prime/rAd5 boost regimen to generate a high frequency of SIV-specific 292 

CD8 T cells (Fig. 1, red and light blue). We co-administered a plasmid expressing rhesus 293 

macaque IL-12 along with the DNA vaccine in five of the animals (Fig. 1, light blue). All 294 

vaccine vectors expressed the SIVmac239 gag gene. Five animals remained unvaccinated 295 

(Figure 1, dark blue). This specific vaccine strategy was chosen to elicit CD8 T cells, but not 296 

prevent infection with SIV (32, 39). All 15 animals were then infected intravenously with 10,000 297 

infectious units (IU) of the molecularly barcoded SIVmac239M strain (Figure 1) (34). 298 

 299 

As expected, the vaccine did not protect from SIV infection. However, the viral load set point in 300 

three of the 15 animals was below 104 copies/mL (Fig. 2A). These three animals were all 301 

vaccinated. In contrast, chronic plasma viremia in the other 12 animals was between 105 and 107 302 

copies/mL (Fig. 2A). Approximately 6 months after infection, all 15 animals received 3 doses of 303 

0.1mg/kg N-803 separated by 14 days each (Fig. 1). N-803 treatment did not affect the plasma 304 

viral loads for any of the animals (Fig. 2A). 305 
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 306 

We performed IFNγ-ELISpot assays using PBMC collected pre- and post-vaccination, as well as 307 

pre- and post-SIV infection (Fig. 2B) to confirm that the vaccine elicited Gag-specific T cells. 308 

The majority of vaccinated animals had a positive IFNγ ELISpot response when stimulated with 309 

the Gag181-189CM9 peptide by two weeks after the second DNA vaccination, and all animals had 310 

detectable Gag181-189CM9-specific T cells at 4 weeks after vaccination with the rAd5 particles 311 

(Fig. 2B, left graph). The unvaccinated macaques only produced Gag181-189CM9-specific T cells 312 

after SIV infection (Fig. 2B, left graph). No animals had detectable T cells specific for Tat28-313 

35SL8 until after SIV infection (Fig. 2B, right graph). 314 

 315 

 316 

Vaccination did not affect the frequency of SIV-specific cells in lymph nodes after N-803 317 

treatment. 318 

 319 

One attractive feature of N-803 and other IL-15 agonist complexes as an immunotherapeutic 320 

agent for HIV/SIV+ individuals is their ability to increase the trafficking of CD8 T cells to the 321 

lymph nodes (21, 22, 40). We performed flow cytometry on PBMC and lymph node samples to 322 

measure the absolute number (PBMC, Fig. 3A) and frequency (lymph nodes, Fig. 3B) of SIV-323 

specific CD8 T cells. We included Mamu-A*001 tetramers presenting Gag181-189CM9 or Tat28-324 

35SL8 peptides. The Gag181-189CM9 tetramer identifies cells that were initially elicited by 325 

vaccination, while the Tat28-35SL8 tetramer identifies cells that were elicited solely during SIV 326 

infection. The gating schematic for determining the frequencies of tetramer positive and negative 327 

cells is shown in supplementary figure 1A.  328 
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 329 

Consistent with other studies, we found a decline in CD8 T cells in the peripheral blood one day 330 

after treatment with N-803 (21, 22). This decline was observed among bulk, Gag181-189CM9 tet+, 331 

and Tat28-35SL8 tet+ CD8 T cells (Fig. 3A) regardless of vaccination. However, we did not 332 

observe any statistically significant changes in the frequency of SIV-specific cells in the lymph 333 

nodes on days 1 or 7 post N-803 treatment (Figure 3B, top, middle, and bottom panels) for any 334 

of the animals. There was a trend towards increased bulk CD8 T cells in the lymph nodes, but 335 

this was not significant.  336 

 337 

N-803 alters the frequency of CXCR3+, but not CXCR5+, CD8 T cells in the peripheral 338 

blood in a vaccination-independent manner. 339 

 340 

We quantified the frequency of bulk and virus-specific CD8 T cells expressing the chemokine 341 

receptor CXCR5, CXCR3, and CCR6 during N-803 treatment. CXCR5 is associated with lymph 342 

node homing and localization (41, 42), and CXCR3 and CCR6 have been shown to mediate 343 

homing to sites of immune activation in the tissues (43, 44). Gating schematics for all chemokine 344 

markers can be found in supplementary fig. 2.  345 

 346 

We found that CXCR5 was expressed on 1-20% of all CD8 T cells prior to N-803 treatment (Fig. 347 

4A). This varied across animals and by antigen specificity, so we normalized the frequency of 348 

CXCR5+ cells at a specific time point to the pre-treatment average frequency for each individual 349 

animal that was plotted in Figure 4A. We did not observe any statistically significant increases in 350 

the frequency of CXCR5+ cells for the SIV tetramer-negative (Fig. 4B, top panel), Gag181-351 
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189CM9 tet+ (Fig. 4B, middle panel) or Tat28-35SL8 tet+ (Fig. 4B, bottom panel) cells on days 1, 352 

3, 7, or 10. Consistent with the findings of Webb and colleagues (22, 22), we also found no 353 

statistically significant changes in the frequency of CXCR5+ cells in the lymph nodes (data not 354 

shown).  355 

 356 

We found that the frequency of CD8+ T cells expressing CXCR3 varied even more widely than 357 

those expressing CXCR5 (20-80%) prior to N-803 treatment (Fig. 4C). Interestingly, we 358 

observed a rapid decrease in the frequency of CXCR3+CD8+tetramer- and Gag181-189CM9 tet+ 359 

cells in the peripheral blood one day post-N-803, resulting in up to a 50% loss in the frequency 360 

of CXCR3+ cells relative to the pre-N-803 frequency (Fig. 4D, top and bottom panels). This 361 

decline was statistically significant relative to pre-N-803 timepoints for unvaccinated macaques 362 

(blue bars, Fig. 4D) and the macaques vaccinated with IL-12 plasmid (light blue bars), but not 363 

for the vaccinated animals who did not receive IL-12 plasmid (red bars). We did not analyze the 364 

frequency of CXCR3+ cells for the Tat28-35SL8 tet+ parent population due to very low numbers 365 

of these cells present in the peripheral blood on day 1 post N-803 (data not shown).  366 

 367 

Re-evaluation of N-803 efficacy based on prior immune mediated viral control 368 

 369 

Prior vaccination did not predict whether macaques would respond to N-803 treatment, 370 

suggesting that this was not the sole factor responsible for the N-803-mediated virus suppression 371 

we observed in our previous study  (Ellis-Connell et al., 2018, #55998). All the animals in our 372 

previous study spontaneously controlled SIV earlier during infection, a result typically associated 373 

with cytotoxic T cell function (45). Therefore, we decided to restructure the current study to test 374 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 3, 2022. ; https://doi.org/10.1101/2022.06.02.494515doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.02.494515
http://creativecommons.org/licenses/by-nc/4.0/


 19

the alternative hypothesis that prior spontaneous SIV control predicts whether N-803 treatment 375 

improves CD8 T cell function with the potential to control SIV replication. Along the same lines, 376 

we expected that CD8 T cells from SIV non-controllers would not exhibit improved function 377 

after N-803 treatment.   378 

 379 

To test this alternative hypothesis, we rearranged our animal groups into SIV non-controllers and 380 

controllers based on the viral load set point established prior to treatment with N-803. We 381 

included the 12 SIV non-controllers from this study (Fig. 5A, purple) whose viral load setpoint 382 

was above 104 copies/ml. There were only 3 animals with a viral load set point lower than 104 383 

copies/ml in the current study, so we included samples from the 4 animals who responded to N-384 

803 from the 2018 study to increase the size of the controller group (Ellis-Connell et al., 2018, 385 

#55998) (Fig. 5A, gold). We only included PBMC collected during the first 7 days after the first 386 

dose of N-803 treatment from the 2018 study (Fig. 5B) because the two studies differed after this 387 

time point.  388 

 389 

SIV controller status does not impact N-803 mediated increases in bulk CD8 T cells or NK 390 

cells.  391 

 392 

We measured the increases in absolute CD8 T cells (Fig. 6A) and NK cells (Fig. 6C) in the 393 

peripheral blood from SIV controllers and non-controllers. There was no difference in the N-803 394 

mediated increase in either cell type between controllers (gold) and non-controllers (purple) 7 395 

days after the first dose of N-803. We found similar results when we extended this analysis to the 396 
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same cell populations for all three doses of N-803 used in the animal study described here (Figs. 397 

6B, 6D). 398 

 399 

SIV controller status does not impact N-803 mediated expansion of SIV-specific cells or 400 

alter their memory phenotypes.  401 

 402 

We wanted to determine if the virus-specific CD8 T cells from the SIV controllers were uniquely 403 

more responsive to treatment with N-803, when compared to their non-controller counterparts. 404 

To test this, we again utilized the Mamu-A*001 tetramers Gag181-189CM9 and Tat28-35SL8. We 405 

also included the Mamu-B*008-tetramer Nef137-146RL10 for the animals who expressed Mamu-406 

B*008, but not Mamu-A*001 (r08016, r09089, and r08084 from Fig 5). See supplementary 407 

figure 1 for gating schematics.  408 

 409 

Within each group, we examined the frequencies of CD3+ cells that were CD8+SIV tetramer 410 

negative (CD8+SIVtet-), Gag181-189CM9/Nef137-146RL10 tetramer positive, or Tat28-35SL8 411 

tetramer positive (Fig. 7A).  There were somewhat higher frequencies of CD3+CD8+SIV tet 412 

negative T cells in the SIV non-controllers compared to the SIV controllers at each timepoint and 413 

their frequencies were unaffected by N-803 treatment (Fig. 7A, left graph). However, when we 414 

examined the SIV tetramer+ cells, there were no statistically significant differences between the 415 

two groups in the frequencies of any tetramer+ cells before or after N-803 treatment (Fig. 7A, 416 

middle and right graphs). We also calculated the absolute number of Gag181-189CM9, Nef137-417 

146RL10, and Tat28-35SL8+ CD8 T cells pre- and post-N-803 treatment (Fig 7B). While N-803 418 

did increase the absolute number of these antigen-specific T cells in the peripheral blood 7 days 419 
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after receiving N-803, the fold change in antigen-specific T cells was similar for both SIV 420 

controllers and non-controllers  (Fig 7C).  Although in vivo IL-15 treatment has been shown to 421 

preferentially expand central and effector memory cells (22, 46), we found no remarkable 422 

differences in frequencies of memory cells between the two cohorts of animals prior to N-803, 423 

nor did the memory phenotypes for each parent population of cells change significantly after N-424 

803 treatment (data not shown). 425 

 426 

The frequencies of vaccine-elicited T cells expressing granzyme B and Ki-67 are increased 427 

more in SIV controllers compared to non-controllers. 428 

 429 

We hypothesized that the vaccine-elicited CD8 T cells from SIV controllers may exhibit 430 

improved function after N-803 treatment, when compared to non-controllers. This includes 431 

increased proliferation and cytolytic potential. Proliferation of cells can be measured by 432 

examining the frequency expressing ki-67, which is an intracellular marker that aids in cell 433 

division (47). N-803 is known to increase the frequency of ki-67+ CD8 T cells from HIV-naïve 434 

humans in vitro and SIV+ macaques in vivo (18, 20, 21), Granzyme B and perforin are molecules 435 

involved in degranulation and destruction of infected target cells (48, 49). N-803 and other IL-15 436 

agonists increase the expression of granzyme B and perforin in NK cells and CD8 T cells in 437 

healthy individuals (18, 50, 51). We do not know how chronic immune activation, a feature 438 

common among SIV non-controllers (52), reduces the expansion of CD8 T cells producing Ki67, 439 

granzyme B, or perforin upon N-803 treatment, when compared to SIV controllers. 440 

 441 
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We measured the frequency of CD8+SIV tetramer+ and CD8+tetramer-negative cells expressing 442 

granzyme B and ki-67 before and after receiving N-803 (gating is shown in supplementary fig 3). 443 

We found the frequency of Gag181-189CM9 tetramer+ EM and TM cells producing ki-67 or 444 

granzyme B was increased most notable on day 3 after N-803 treatment (Figs. 8A and 9A, left 445 

two graphs). The fold increases in Gag181-189CM9 tetramer+ cells expressing these markers was 446 

most apparent in the SIV controllers, compared to the SIV non-controllers (Figs. 8A and 9A, 447 

right two graphs). This was attributed to the fact that the baseline frequencies of Gag181-189CM9 448 

tetramer+ EM and TM cells expressing ki-67 or granzyme B was much higher in the SIV non-449 

controllers when compared to controllers (Figs 8 and 9A, left panels, and Supplementary Fig. 3).  450 

This is likely a result of ongoing antigenic stimulation by circulating virus. Central memory cells 451 

were too rare to characterize (data not shown). 452 

 453 

In contrast to the Gag181-189CM9 tetramer+ cells, the changes in the frequencies of CD8+ SIV 454 

tetramer negative EM and TM cells expressing ki-67 or granzyme B after N-803 treatment were 455 

similar in all animals (Figs. 8B and 9B, left two graphs). This resulted in fewer differences 456 

between SIV non-controllers and SIV controllers. The population of Tat28-35SL8 tetramer+ cells 457 

was analyzed in bulk as there were too few cells to examine individual memory populations. The 458 

frequency of Tat28-35SL8 tetramer+ cells expressing ki-67 and granzyme B increased similarly 459 

after N-803 treatment across animals (Figs. 8C and 9C).  460 

 461 

N-803 treatment of SIV controllers increases the frequency of virus-specific CD8 T cells 462 

expressing CD107a  463 

 464 
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We performed intracellular cytokine staining (ICS) assays using PBMC collected pre- and post-465 

N-803 treatment. We compared the frequency of antigen-specific CD8 T cells producing TNFα, 466 

IFNγ, and CD107a between SIV controllers and non-controllers. A representative gating 467 

schematic for CD107a, TNFα, and IFNγ is shown in supplementary figure 4 for an SIV 468 

controller (gold, top panels) and an SIV non-controller (purple, bottom panels).  469 

 470 

We found that all animals had an increased frequency of CD8+CD107a+, IFNγ+, and TNF+ 471 

cells in response to Gag or Nef peptides, or a Gag peptide pool, relative to unstimulated controls 472 

(Supplementary Fig. 4B). We normalized the data from stimulated to unstimulated controls 473 

collected from the matched timepoints (Fig. 10A-C).  474 

 475 

Similar to frequencies of CD8 T cells expressing ki-67 or granzyme B, the SIV non-controllers 476 

(purple) had a higher background of CD8 T cells expressing CD107a compared to controllers 477 

(Supplementary Fig. 4B). After eliminating the background signal, we found that N-803 478 

treatment had little impact on the antigen-stimulated CD107a production from SIV non-479 

controllers (Fig. 10A, purple). Similarly, after elimination of background signal, there were no 480 

statistically significant differences in antigen-stimulated IFNγ or TNFα production after N-803 481 

treatment for the SIV non-controllers (Fig. 10B and C, purple). 482 

 483 

In contrast, cells collected from SIV controllers at day 3 post-N-803 treatment had a statistically 484 

significant increase in the frequency of antigen-specific CD107a+ CD8 T cells. The frequency of 485 

CD107a+ antigen-specific cells collected from day 7 post-N-803 remained elevated, but not 486 

statistically significant (Fig. 10A, right panel, gold). We found minor but statistically significant 487 
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increases in IFNγ+ (Fig 10B, right panel, gold) and TNFα+ (Fig 10C, right panel, gold) CD8 T 488 

cells with Gag peptide pool stimulation from cells collected from day 3 post-N-803 treatment 489 

compared to the pre-N-803 timepoint.  490 

Discussion 491 

 492 

We previously found that administration of the IL-15 superagonist, N-803, to SIV+ ART-naïve 493 

vaccinated macaques led to rapid, but transient, control of plasma viremia (20).  Here, we tested 494 

the hypothesis that vaccination, prior to SIV infection, was necessary for N-803 treatment to 495 

induce suppression of plasma viremia. Unfortunately, we found that prior vaccination, alone, did 496 

not confer N-803-mediated control of plasma viremia during N-803 treatment in macaques (Fig. 497 

2). We observed that peripheral SIV-specific CD8 T cells from vaccinated and unvaccinated 498 

macaques exhibited similar changes in frequencies and phenotypes after N-803 treatment (Figs. 499 

3-4). Furthermore, SIV-specific CD8 T cells from vaccinated animals did not exhibit improved 500 

targeting to the lymph nodes during N-803 treatment when compared to unvaccinated controls 501 

(Fig 3). These observations implied that prophylactic vaccination prior to SIV infection, by itself, 502 

did not produce a higher frequency of N-803 responsive CD8 T cells.  503 

 504 

Another phenotype of previous N-803 responsive animals was that they spontaneously controlled 505 

SIV replication during the earlier stages of infection (53), and three of them expressed the 506 

Mamu-B*008 MHC class I allele associated with viral control. Therefore, we wanted to test the 507 

hypothesis that a predisposition to viral control is associated with an improved response to N-803 508 

treatment. We divided the animals into two groups based on their ability to spontaneously 509 

control early SIV infection. We found that N-803 treatment led to larger increases in the 510 
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frequencies of ki-67 and granzyme B+ Gag181-189CM9 tetramer+ cells of SIV controllers 511 

compared to SIV non-controllers (Figs 8 and 9). Additionally, in SIV controllers but not non-512 

controllers, CD8 T cells collected after N-803 treatment were more likely to produce CD107a 513 

after Gag peptide stimulation. These findings suggest that Gag-specific CD8 T cells from SIV 514 

controllers may have the potential to exhibit improved proliferation and cytotoxicity with N-803 515 

treatment when compared to SIV non-controllers. 516 

 517 

Our study could have important implications for the clinical use of N-803 to boost CD8 T cell 518 

function in HIV+ individuals. Those with uncontrolled plasma viremia have dysregulated 519 

HIV/SIV specific CD8 T cells (8, 52). We observed that the SIV-specific CD8 T cells of non-520 

controllers had a chronically activated phenotype, with higher frequencies of granzyme B and ki-521 

67+ cells before N-803 treatment (Figs. 8-9, Supplementary Fig. 3). N-803 did not lead to a 522 

substantial number of CD8 T cells with this activated phenotype during treatment (Figs. 8 and 9). 523 

Chronic immune activation leads to a type of immune “exhaustion” that leaves HIV/SIV specific 524 

cells unable to combat infection (52, 54), which is difficult to reverse through 525 

immunotherapeutic interventions alone. While antiretroviral treatment (ART) does not fully 526 

restore the function of HIV/SIV-specific CD8 T cells (55), ART-mediated control of plasma 527 

viremia may improve CD8 T cell function sufficiently to allow for a more efficacious response 528 

to N-803. Our data suggests that this type of chronic immune activation also weakens the 529 

responsiveness to N-803.  530 

 531 

While vaccination did not always lead to control of SIV infection in our study, the vaccine-532 

elicited Gag181-189CM9 tetramer+ cells from the SIV controllers exhibited greater increases in 533 
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frequencies of ki-67 and granzyme B+ cells during N-803 treatment compared to the non-534 

controllers (Figs. 8 and 9A). Furthermore, Gag-specific CD8 T cells in ICS assays from SIV 535 

controllers displayed a greater ability to produce CD107a compared to Gag-specific CD8 T cells 536 

from SIV non-controllers (Fig. 10). This improvement in proliferative and cytotoxic capability 537 

could suggest that vaccination, combined with N-803 immunotherapy, could impact the SIV 538 

reservoir. Webb and colleagues did not find that N-803 reduced the SIV reservoir, but this was in 539 

unvaccinated macaques (22). However, the fact that we observed differences in the function of 540 

CD8 T cells in the peripheral blood in the SIV controllers during N-803 treatment when 541 

compared to non-controllers (Figs. 8-10), could mean that vaccination plus N-803 treatment 542 

could impact CD8 T cell cytotoxic function in the lymph nodes and tissues. When comparing 543 

vaccinated to unvaccinated macaques, we did not observe differences in plasma viremia or 544 

changes in the frequencies of CD8 T cells present in the lymph nodes (Fig. 3).  Due to poor cell 545 

yields from the lymph nodes SIV controllers at critical timepoints, we were unable to compare 546 

cell frequencies, phenotypes, and function of vaccine-elicited CD8 T cells from lymph node 547 

biopsies from SIV controllers and non-controllers. Since the lymph nodes are critical sites of SIV 548 

replication, it will be interesting to focus on the dynamics of N-803-boosted, vaccine-elicited 549 

CD8 T cells from SIV controllers and non-controllers in future, larger animal studies 550 

 551 

One interesting observation was that CD8 T cells expressing the chemokine marker CXCR3 552 

were significantly reduced one day after N-803 treatment from the peripheral blood (Fig. 4). We 553 

do not think that this was necessarily a result of the downregulation of CXCR3 surface 554 

expression. Rather, we hypothesize that the CXCR3+ CD8 T cells may have migrated away from 555 

the peripheral blood to the tissues. CXCR3 is a chemokine typically involved in the trafficking of 556 
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T cells to sites of immune activation, such as tissues (43). Studies involving other IL-15 agonists 557 

indicate that IL-15 induces migration of CD8 T cells to the tissues in vivo, and also explains how 558 

successful N-803 has been in the treatment of tissue-localized cancers (56–58).  559 

 560 

CXCR3+ CD8 T cells also have enhanced cytotoxic function upon stimulation with IL-15 ex 561 

vivo (59). If N-803 causes an increase in the migration of highly cytotoxic SIV specific T cells to 562 

the tissues, this could have implications for the elimination of the HIV/SIV reservoir in tissues.  563 

Although one macaque study suggested that N-803 did not reduce the reservoir in lymph nodes 564 

in SIV+, ART-suppressed macaques (22), there may be other scenarios where CXCR3+ CD8 T 565 

cells can control or reduce the reservoir. For example, a recent study found that HIV+ 566 

individuals treated with N-803 as part of a clinical trial had a small but significant reduction in 567 

CD4 T cells with inducible virus in the peripheral blood after N-803 treatment (23). These 568 

individuals were also all on ART at the time of N-803 treatment.  Neither of these studies 569 

focused on tissues such as the gut, a known reservoir for HIV/SIV (60, 61). Thus, future studies 570 

could examine if N-803 boosted CD8 T cells are capable of migrating to tissue sites of HIV/SIV 571 

infection and reducing the reservoir.  572 

 573 

 574 

Overall, our study begins to dissect out the host conditions under which N-803 may be most 575 

effective at improving the cytotoxic function of CD8 T cells. We found that prophylactic 576 

vaccination alone did not condition animals to respond to N-803.  However, animals predisposed 577 

to viral control had a population of CD8 T cells that were more responsive to N-803, when 578 

compared to animals that never controlled virus replication. Specifically, it appears as though N-579 
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803 increases the function of the SIV-specific CD8 T cells from SIV controllers to a greater 580 

degree than SIV non-controllers. Our findings support that N-803 could have great potential as 581 

an immunotherapeutic agent for HIV/SIV+ individuals, particularly in the setting of HIV/SIV 582 

control, such as during ART treatment. 583 
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 593 

 594 

FIGURE LEGENDS. 595 

 596 

Fig. 1. Outline for A*01+ macaque vaccine study. A*01+ rhesus macaques were either left 597 

unvaccinated (blue), or vaccinated with a heterologous prime/boost regimen with (light blue) or 598 

without (red) an IL-12 DNA vector adjuvant as indicated. Animals were infected with 599 

SIVmac239M for ~6 months, then treated with 3 doses of 0.1mg/kg N-803, delivered 600 

subcutaneously, separated by two weeks per dose. Samples were collected as indicated.  601 

 602 
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Fig. 2. Viral loads for vaccinated and unvaccinated macaques are unchanged and do not differ 603 

during N-803 treatment. A,  Plasma was isolated from whole blood samples from the 604 

unvaccinated (blue) and vaccinated (red and light blue) animals from the indicated timepoints 605 

post N-803 administration, and the Log10 virus copy equivalents/mL (ceq/mL) were determined 606 

as described in the methods. Vertical dashed lines indicate a timepoint on which N-803 was 607 

delivered. B, IFNγ ELISpots were performed on frozen PBMCs as indicated in the methods. 608 

Briefly, PBMC from the indicated timepoints post-vaccination or -SIV infection were thawed, 609 

then incubated overnight with 1μM of the indicated peptides, or media alone as a negative 610 

control. Plates were developed according to the manufacturer's instructions. A positive response 611 

was defined as the number of spot-forming colonies (SFCs) per 106 PBMCs that were 2 standard 612 

deviations above the average value for the negative control, or 50 SFCs/106 PBMC, whichever 613 

was greater. 614 

 615 

Fig. 3. Vaccination does not change N-803 mediated trafficking of CD8 T cells. A, Frozen 616 

PBMC that were isolated from whole blood samples collected from the indicated timepoints pre- 617 

and post- N-803 treatment were stained for flow cytometric analysis as indicated in Table II. 618 

Complete white blood cell counts (CBC) were used to quantify the absolute number of CD3+ 619 

cells that were CD8+tetramer- (top), Gag181-189CM9 tetramer+(middle), and Tat28-35SL8 tetramer+ 620 

(bottom) cells per μL of blood. The results were then normalized to the average value for the 621 

absolute counts for each cell population from pre-N-803 controls and are displayed as the fold 622 

change in absolute cell counts/μL blood. Repeated measures ANOVA non-parametric tests were 623 

performed, with Dunnett’s multiple comparisons for individuals across multiple timepoints. For 624 

individuals for which samples from timepoints were missing, mixed-effects ANOVA tests were 625 
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performed using Geisser-Greenhouse correction. *, p≤0.05; **, p≤0.005; ***, p≤0.0005; ****, 626 

p≤0.0001. B, Lymph nodes were collected from the indicated timepoints pre- and post- N-803 627 

treatment. Cells were stained from frozen samples as indicated in (A) for flow cytometric 628 

analysis. The frequencies of CD3+MR1tetramer- T cells that were CD8+SIV tetramer- (top 629 

panel), CD8+Gag181-189CM9 tetramer+(middle), or CD8+Tat28-35SL8 tetramer+ (bottom) were 630 

determined, then the data were normalized to the average of the pre N-803 frequencies. 631 

Statistical analysis was performed as described in (A). p=ns; not significant.  632 

 633 

 634 

Fig. 4. N-803 treatment does not change the frequency of CXCR5+ CD8 T cells, but does lead to 635 

a rapid decline in the frequency of CD8+CXCR3+ cells. A, Frozen PBMC were stained with the 636 

tetramers and antibodies indicated in Table III, and flow cytometry was performed, as described 637 

in the methods. Shown are the frequencies of CXCR5+ cells prior to N-803 treatment for CD8+ 638 

cells that were SIV tetramer-, Gag181-189CM9 tetramer+, or Tat28-35SL8 tetramer+ for each cohort. 639 

B, The fold change in the frequency of CXCR5+ cells relative to the pre N-803 average for 640 

CD8+SIV tetramer- (top), Gag181-189CM9 tetramer+ (middle), or Tat28-35SL8 tetramer+ (bottom) 641 

cells were determined for each timepoint post N-803 treatment. Repeated measures ANOVA 642 

non-parametric tests were performed, with Dunnett’s multiple comparisons for individuals across 643 

multiple timepoints. For individuals for which samples from timepoints were missing, mixed-644 

effects ANOVA tests were performed using Geisser-Greenhouse correction. C, Frozen PBMC 645 

were stained as described in (A). Shown are the frequencies of CXCR3+ cells prior to N-803 646 

treatment for CD8+ cells that were SIV tetramer-, Tat28-35SL8 tetramer+, or Gag181-189CM9 647 

tetramer+. D, The fold change in the frequency of CXCR3+ cells relative to the pre N-803 648 
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average for CD8+SIV tetramer- (top), or Gag181-189CM9 tetramer+ (bottom) cells were 649 

determined for each timepoint post N-803 treatment. Statistical analysis was performed as 650 

described in (A). *, p≤0.05; **, p≤0.005. 651 

 652 

Fig. 5. Rearrangement of animals into SIV controllers and SIV non-controllers. A, Animals from 653 

the original vaccine study (blue, red, and light blue) were grouped according to viral loads. SIV 654 

non-controllers (n=12, purple monkey) are shown in the box on the left and had viral loads above 655 

10e4 ceq/mL (shown in Fig. 2). SIV controllers (n=7, gold monkey) are shown in the box on the 656 

right and had viral loads at or below 10e4 ceq/mL ((20); Fig. 2). B, Timeline of samples used for 657 

studies comparing CD8 T cells from SIV controllers and non-controllers. Frozen PBMC 658 

collected from the timepoints indicated from the animal groups described in (A) are shown on 659 

the timeline, and were used for downstream analysis.  660 

 661 

Fig. 6. No differences in increases of bulk CD8 T cells or NK cells between SIV controllers and 662 

non-controllers during N-803 treatment. A-D. PBMC from SIV non-controllers (purple) or SIV 663 

controllers (gold) collected from the indicated timepoints post N-803 were stained with the panel 664 

originally described in Table III of (20). The frequency of CD8 T cells (defined as CD3+CD8+ 665 

cells; A and B) and NK cells (defined as CD3-CD8+NKG2A+ cells; C and D) were determined. 666 

Complete white blood cell counts (CBC) were used to quantify the absolute number of each cell 667 

population. Then, the data were normalized to the average value for the pre-treatment controls 668 

for each population, and are displayed as the fold change in absolute cell counts relative to the 669 

pre-treatment average. For figures A) and C), Mann-Wittney tests were performed to determine 670 

statistical significance. p=ns; not significant.  671 
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 672 

Fig. 7. Frequencies of SIV-specific cells or memory populations between SIV controllers and 673 

non-controllers do not differ, and are not altered during N-803 treatment. A, Frozen PBMC from 674 

SIV non-controllers (purple) and SIV controllers (gold) that were collected from the indicated 675 

timepoints post N-803 were thawed, then stained with the panel described in Table III of the 676 

methods. Flow cytometric analysis was performed to determine the frequencies of CD3+MR1 677 

tetramer- cells that were: CD8+SIV tet- (left panel), CD8+Gag181-189CM9 (gold/purple circles) or 678 

CD8+Nef137-146RL10 (gold stars) tet+ (middle panel); or CD8+Tat28-35SL8 tet+ (right panel) for 679 

each timepoint. B, Frozen PBMC from SIV non-controllers (purple) or SIV controllers (gold) 680 

collected from the indicated timepoints as described above. Complete white blood cell counts 681 

(CBC) were used to quantify the absolute number of each cell population. Then, the data were 682 

normalized to the average value for the pre-treatment controls for each population, and are 683 

displayed as the fold change in absolute cell counts relative to the pre-treatment average. Mann-684 

Whitney tests were performed to determine statistical significance. p=ns, not significant.  685 

 686 

 687 

Fig. 8. N-803 treatment increases the frequency of SIV-specific cells expressing the proliferation 688 

marker ki-67 to a greater extent in SIV controllers compared to SIV non-controllers. Frozen 689 

PBMC from SIV non-controllers (purple) and SIV controllers (gold circles and stars) that were 690 

collected from the indicated timepoints post N-803 were thawed, and flow cytometry was 691 

performed using the panel described in Table II of the methods. The frequencies of ki-67+ cells 692 

(left panels) or the fold change in ki-67 relative to pre N-803 controls (right panels) were 693 

examined for the indicated time points on effector memory (CD28-CD95+CCR7-; EM), and 694 
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transitional memory (CD28+CD95+CCR7-; TM), cells for the following parent populations of 695 

cells:  A) CD8+Gag181-189CM9 (gold/purple circles) or CD8+Nef137-146RL10 (gold stars) tet+ 696 

cells or B)  CD8+SIV tet- cells. C, CD8+Tat28-35SL8 tet+ cells were analyzed in bulk for the 697 

frequency (left panel) and fold change (right panel) of ki-67+ cells.  For graphs of ki-67 698 

frequencies within a cohort, repeated measures ANOVA non-parametric tests were performed, 699 

with Dunnett’s multiple comparisons for individuals across multiple timepoints.  For graphs 700 

comparing the fold change in percent ki67+ cells between controllers and non-controllers for a 701 

given time point, Mann-Whitney tests were performed to determine statistical significance: p=ns, 702 

not significant; *,p≤0.05;  **, p≤0.005; ***, p≤0.0005. 703 

 704 

Fig. 9. N-803 treatment increases the frequency of SIV-specific cells expressing the proliferation 705 

marker granzyme B to a greater extent in SIV controllers compared to SIV non-controllers. 706 

Frozen PBMC from SIV non-controllers (purple) and SIV controllers (gold circles and stars) that 707 

were collected from the indicated timepoints post N-803 were thawed, and flow cytometry was 708 

performed using the panel described in Table II of the methods. The frequencies of granzyme B+ 709 

cells (left panels) or the fold change in granzyme B+ cells relative to pre N-803 controls (right 710 

panels) were examined for the indicated time points on effector memory (CD28-CD95+CCR7-; 711 

EM), and transitional memory (CD28+CD95+CCR7-; TM), cells for the following parent 712 

populations of cells:  A) CD8+Gag181-189CM9 (gold/purple circles) or CD8+Nef137-146RL10 (gold 713 

stars) tet+ cells or B)  CD8+SIV tet- cells. C, CD8+Tat28-35SL8 tet+ cells were analyzed in bulk 714 

for the frequency (left panel) and fold change (right panel) of granzyme B+ cells.  For graphs of 715 

granzyme B frequencies within a cohort, repeated measures ANOVA non-parametric tests were 716 

performed, with Dunnett’s multiple comparisons for individuals across multiple timepoints.  For 717 
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graphs comparing the fold change in percent granzyme B+ cells between controllers and non-718 

controllers for a given time point, Mann-Whitney tests were performed to determine statistical 719 

significance: p=ns, not significant;  *,p≤0.05;  **, p≤0.005; ***, p≤0.0005. 720 

 721 

Fig. 10. N-803 treatment in SIV controllers, but not SIV non-controllers, leads to an 722 

improvement in CD107a production in functional assays. Frozen PBMC from SIV non-723 

controllers (purple) and SIV controllers (Gold) that were collected from pre N-803 (pre), Day 3 724 

post N-803 (D3), and Day 7 post N-803 (D7) were thawed and incubated overnight with either 725 

media alone,  0.5ug/mL Gag181-189CM9, or Nef137-146RL10 peptides, or 0.5ug/mL of SIVmac239 726 

Gag peptide pool. The next day, flow cytometry was performed using the panel described in 727 

Table IV of the methods. The data were normalized by background subtraction.  The frequency 728 

of cells producing CD107a (A), IFNγ (B), or TNFα (C) after background subtraction in response 729 

to the indicated antigen are shown.  For all statistical analyses, repeated measures ANOVA non-730 

parametric tests were performed, with Dunnett’s multiple comparisons. For individuals for which 731 

samples from timepoints were missing, mixed-effects ANOVA tests were performed using 732 

Geisser-Greenhouse correction. *, p≤0.05; **, p≤0.005. 733 

 734 

 735 

SUPPLEMENTARY FIGURE LEGENDS 736 

 737 

Supplementary Fig. 1. Representative gating schematic for Tetramer+ cells and memory markers 738 

in A*001+ and B*008+ macaques. A, Frozen PBMC from all A*001+ macaques in this study 739 

were stained with the antibodies indicated in Table II of the methods. Flow cytometry was 740 
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performed as described in the methods. Shown is a representative gating schematic for 741 

CD8+Gag181-189CM9 tetramer+,CD8+Tat28-35SL8 tetramer+, and CD8+SIV tetramer- cells, and 742 

memory sub-populations for each respective tetramer-positive or -negative parent population. B, 743 

Representative gating schematic for Nef137-146RL10 tetramer+ cells in B*008+ macaques. Cells 744 

were stained identically to the samples in (A) except Nef137-146RL10 tetramer was used instead of 745 

Gag181-189CM9 tetramer, and no Tat28-35SL8 tetramer was used. Shown is a representative sample 746 

indicating Nef137-146RL10 tetramer+ cells and the memory subpopulations of those cells. C, 747 

Gating schematic used to define Effector memory, Central memory, and Transitional memory 748 

cells. Memory subpopulations that were shown in (A) and (B) were further differentiated into 749 

effector memory (CD28-CD95+CCR7-), transitional memory (CD28+CD95+CCR7-) or central 750 

memory (CD28+CD95+CCR7+) based on CCR7 expression. Central memory and transitional 751 

memory cell phenotypes were validated by examining CCR7 expression based on the 752 

CD28+CD95+ parent gate. 753 

 754 

Supplementary Fig. 2. Representative gating schematic for CXCR3, CCR6, and CXCR5 755 

expression on CD8 T cells. Frozen PBMC were stained with the antibodies indicated in Table III 756 

of the methods. Flow cytometry was performed as described in the methods. Shown is a 757 

representative gating schematic for CD8+Gag181-189CM9 tetramer+,CD8+Tat28-35SL8 tetramer+,  758 

and CD8+SIV tetramer- cells, and their respective CXCR3+, CCR6+, and CXCR5+ 759 

subpopulations.  760 

 761 

Supplementary Fig. 3. Representative gating schematic for ki-67 and Granzyme B expression on 762 

SIV specific cells of SIV controllers and non-controllers. Frozen PBMC from SIV controllers 763 
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(gold; top panels) or SIV non-controllers (purple, bottom panels) were stained with the 764 

antibodies indicated in table II of the methods, and flow cytometry was performed. The 765 

frequency of ki-67+ and GranzymeB+ cells were determined for all memory subpopulations of 766 

CD8+SIV tetramer-, Gag181-189CM9 tetramer+, Nef137-146RL10 tetramer+, and Tat28-35SL8 767 

tetramer+ cells. Shown is representative ki-67 and Granzyme B staining for the effector memory 768 

(EM) cells of Gag181-189CM9 tetramer+ cells of an SIV controller (gold) and an SIV non-769 

controller (purple) from pre N-803 and Day 3 post N-803 timepoints. 770 

 771 

Supplementary Fig. 4. A, Representative gating schematic for intracellular cytokine staining 772 

(ICS) assay. Frozen PBMC from SIV non-controllers (purple) or SIV controllers (gold) were 773 

incubated overnight with media alone (no stim), or stimulated with peptides as indicated in the 774 

methods. For this representative figure, 0.5μg/mL of Gag181-189CM9 peptide was used. The 775 

following day, the cells were stained with the antibodies indicated in table IV of the methods, 776 

and flow cytometry was performed. Shown is a gating schematic for CD8+ T cells, and 777 

representative CD107a+, TNFα+, IFNγ+ subpopulations with each respective stimulus for an 778 

SIV controller (gold) and an SIV non-controller (purple). B, Frequencies of CD107a+, IFNγ+, or 779 

TNFα+ from intracellular cytokine staining assays from Fig. 10 prior to background subtraction. 780 

Intracellular cytokine staining assays were performed as indicated in Fig. 10 and cells were 781 

stained as indicated in table IV.  Shown are the frequencies of CD8 T cells producing CD107a 782 

(left), IFNγ (middle), or TNFα (right) prior to background subtraction. NS; no stim, pep; 783 

0.5μg/mL of Gag181-189CM9 or Nef137-146RL10 peptides, pool; 0.5ug/mL of SIVmac239 Gag 784 

peptide pool. 785 

   786 
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