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ABSTRACT The IL-15 superagonist N-803 has been shown to enhance the function of
CD8 T cells and NK cells. We previously found that in a subset of vaccinated, ART-naive, SIV1

rhesus macaques, N-803 treatment led to a rapid but transient decline in plasma viremia
that positively correlated with an increase in the frequency of CD8 T cells. Here, we tested
the hypothesis that prophylactic vaccination was required for the N-803 mediated suppres-
sion of SIV plasma viremia. We either vaccinated rhesus macaques with a DNA prime/Ad5
boost regimen using vectors expressing SIVmac239 gag with or without a plasmid express-
ing IL-12 or left them unvaccinated. The animals were then intravenously infected with
SIVmac239M. 6 months after infection, the animals were treated with N-803. We found no
differences in the control of plasma viremia during N-803 treatment between vaccinated
and unvaccinated macaques. Interestingly, when we divided the SIV1 animals based on
their plasma viral load set-points prior to the N-803 treatment, N-803 increased the fre-
quency of SIV-specific T cells expressing ki-671 and granzyme B1 in animals with low
plasma viremia (,104 copies/mL; SIV controllers) compared to animals with high plasma vi-
remia (.104 copies/mL; SIV noncontrollers). In addition, Gag-specific CD8 T cells from the
SIV1 controllers had a greater increase in CD81CD107a1 T cells in ex vivo functional assays
than did the SIV1 noncontrollers. Overall, our results indicate that N-803 is most effective in
SIV1 animals with a preexisting immunological ability to control SIV replication.

IMPORTANCE N-803 is a drug that boosts the immune cells involved in combating HIV/SIV
infection. Here, we found that in SIV1 rhesus macaques that were not on antiretroviral ther-
apy, N-803 increased the proliferation and potential capacity for killing of the SIV-specific
immune cells to a greater degree in animals that spontaneously controlled SIV than in ani-
mals that did not control SIV. Understanding the mechanism of how N-803 might function
differently in individuals that control HIV/SIV (for example, individuals on antiretroviral ther-
apy or spontaneous controllers) compared to settings where HIV/SIV are not controlled,
could impact the efficacy of N-803 utilization in the field of HIV cure.
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While nearly all individuals mount a CD8 T cell-mediated immune response to
acute human immunodeficiency virus/simian immunodeficiency virus (HIV/SIV)

infection, few individuals spontaneously control HIV/SIV replication (1, 2). Several stud-
ies comparing the immune responses of elite controllers to those of progressors have
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implied that polyfunctional CD8 T cells, consisting of both cytolytic and noncytolytic
responses, are responsible, at least in part, for the control of HIV/SIV infections (3–5).

Prophylactic vaccine studies have been performed to elicit polyfunctional CD8 T cells
that mimic those present in elite controllers (6, 7). Despite this, most of these strategies fail,
and the CD8 T cells lose their potential to kill infected target cells and to suppress virus repli-
cation (8–10).

Recently, many investigators have turned to the use of immunotherapeutic agents
which could, in combination with vaccines, improve the abilities of CD8 T cells to target and
destroy infected cells during a HIV/SIV infection (11). One such class of immunotherapeutic
agents that can boost the CD8 T cell response to HIV/SIV is the class of interleukin-15 (IL-15)
agonists (12, 13). IL-15 is a cytokine that is normally produced by antigen-presenting cells
during viral infections and promotes the development and growth of several innate and
adaptive immune cells, in particular, NK and CD8 T cells (14–16).

One member of the class of IL-15 agonists that has gained enthusiasm in immuno-
therapeutic studies and clinical trials recently is N-803. N-803 is a soluble IL-15 supera-
gonist in which a constitutively active IL-15 molecule containing a single amino acid
mutation (N72D) is bound to the sushi domain of IL-15Ra and is fused to the Fc region
of IgG1 (17, 18). N-803 is in use in clinical trials in cancer patients, as it improves the
abilities of CD8 T cells and NK cells to target and destroy tumor cells (19).

There is a growing body of evidence suggesting that N-803 may be a promising immuno-
therapeutic agent in HIV1 individuals. Previous in vivo studies of SIV1 macaques (20–22) indi-
cated that N-803 treatment increased CD8 T cell and NK cell frequencies. N-803 also increased
the frequencies of these cells in the lymphnodes, which can likely be attributed to an increased
expression of lymph node homing markers, such as CXCR5 (21). These promising features of
N-803 have been a part of the rationale to test it in a phase II clinical trial in HIV1 individuals
in Thailand under the name of Anktiva (https://immunitybio.com/immunitybio-announces
-launch-of-phase-2-trial-of-il-15-superagonist-anktiva-with-antiretroviral-therapy-to-inhibit-hiv-
reservoirs/), as well as in clinical trials in the United States (23) (https://actgnetwork.org/
studies/a5386-n-803-with-or-without-bnabs-for-hiv-1-control-in-participants-living-with-hiv-
1-on-suppressive-art/).

While N-803 has the potential to boost the frequency and cytolytic function of CD8
T cells in vivo (20, 22), the subsequent impact on HIV/SIV replication is less clear. We
previously treated four ART-naive SIV1 rhesus macaques with N-803, and they all
exhibited transient control of SIV plasma viremia within 7 days of the N-803 treatment
(20). The suppression of SIV replication in these four animals, in the absence of ART,
did not completely extend to other SIV1 animal studies (21). This could be partly attrib-
uted to the latency reversing activity of N-803 (24, 25). Understanding the conditions
under which N-803 can successfully boost immune responses to control actively repli-
cating HIV/SIV or reduce the viral reservoir is necessary for the improvement of the
clinical relevance of this agent.

Here, we begin to define the features of SIV1 macaques that are associated with the N-
803-mediated suppression of SIV replication. Previous associations include a lower chronic
viral load set point (#104 SIV gag copies/mL plasma) prior to N-803 treatment, host MHC
genetics associated with spontaneous SIV control, and prior vaccination (20, 21). In this
study, we tested the hypothesis that preexisting vaccine-elicited CD8 T cells were required
for the N-803-mediated suppression of SIV replication. We used rhesus macaques (RM)
expressing theMamu-A*001 MHC class I allele, which is not associated with the natural con-
trol of SIV infections (26–28). Unfortunately, treatment with N-803 failed to reduce plasma
SIV viremia in both vaccinated and unvaccinatedmacaques.

We then rearranged the animal groups to determine whether the spontaneous initial
control of SIV replication was associated with the improved immunological responsiveness
of polyfunctional virus-specific CD81 T cells to N-803. We characterized the functions of pe-
ripheral SIV-specific CD8 T cells prior to and during the first 7 days after the N-803 treatment.
We found that the proliferative and cytolytic capacities of the SIV-specific cells from the SIV
controllers were more robust compared to those from the SIV noncontrollers after the
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N-803 treatment. Our results imply that N-803 efficacy is likely maximized in a host who has
not succumbed to the severe immunological dysfunction associated with HIV/SIV
pathogenesis.

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

unvaccinated rhesus macaques. Our initial goal was to test the hypothesis that prophy-
lactic vaccination elicits CD8 T cells that are recalled during N-803 treatment and suppress
plasma viremia. We designed a study with 15 rhesus macaques that expressed the Mamu-
A1*001 MHC class I allele but did not express the Mamu-B*008 or-B*017 alleles that are
associated with SIV viral control (27, 29). 10 animals were vaccinated with a DNA prime/
rAd5 boost regimen to generate a high frequency of SIV-specific CD8 T cells (Fig. 1, red and
light blue). We coadministered a plasmid expressing rhesus macaque IL-12 along with the
DNA vaccine in five of the animals (Fig. 1, light blue). All vaccine vectors expressed the
SIVmac239 gag gene. Five animals remained unvaccinated (Fig. 1, dark blue). This specific
vaccine strategy was chosen to elicit CD8 T cells without preventing infection with SIV (30,
31). All 15 of the animals were then infected intravenously with 10,000 infectious units (IU)
of the molecularly barcoded SIVmac239M strain (Fig. 1) (32). The population of the barcodes
present in circulating viruses was examined from 7 days up to 168 days (;5 to 6 months)
postinfection between the vaccinated and unvaccinated macaques, and no apparent differ-
ences were observed between the 3 cohorts (data not shown).

As expected, the vaccine did not protect from SIV infection. However, the viral load
set point in 3 of the 15 animals was below 104 copies/mL (Fig. 2A). These three animals
were all vaccinated. In contrast, chronic plasma viremia in the other 12 animals was
between 105 and 107 copies/mL (Fig. 2A). Approximately 6 months after infection, all
15 animals received 3 doses of 0.1 mg/kg N-803, separated by 14 days each (Fig. 1). N-
803 treatment did not affect the plasma viral loads for any of the animals (Fig. 2A). We
also examined the frequencies and absolute counts of SIV specific and bulk CD8 T cells
present in the peripheral blood and lymph nodes. In concordance with previous find-
ings (21, 22), there was a decrease in the absolute counts of SIV-specific and bulk CD8
T cells 1 day after N-803 treatment, followed by 2 to 10-fold increases by day 7 in the
peripheral blood. These changes in CD8 T cell counts were transient, and they were
not different between the vaccinated and unvaccinated macaques (Fig. S1A). Webb
and colleagues also previously observed moderate increases in the frequency of CD8 T
cells in the lymph nodes following an N-803 treatment (21, 22). In the present study,
while there was a trend toward increased frequencies of CD8 T cells in the lymph

FIG 1 Outline forMamu-A*0011 macaque vaccine study. Mamu-A*0011 rhesus macaques were either left unvaccinated (blue)
or vaccinated with a heterologous prime/boost regimen with (light blue) or without (red) an IL-12 DNA vector adjuvant, as
indicated. Animals were infected with SIVmac239M for;6 months and then treated with 3 doses of 0.1 mg/kg N-803, delivered
subcutaneously, separated by 2 weeks per dose. Samples were collected as indicated.
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nodes by day 7 after the N-803 treatment, these changes were not statistically signifi-
cant and did not differ between the vaccinated and unvaccinated macaques (Fig. S1B).

We performed IFN-g-ELISpot assays using peripheral blood mononuclear cells (PBMCs)
collected pre- and post-vaccination, as well as pre- and post-SIV infection (Fig. 2B), to con-
firm that the vaccine did elicit Gag-specific T cells. The majority of the vaccinated animals
had a positive IFN-g ELISpot response when stimulated with the Gag181-189CM9 peptide by
2 weeks after the second DNA vaccination, and all of the animals had detectable
Gag181-189CM9-specific T cells at 4 weeks after vaccination with the rAd5 particles (Fig. 2B,
left graph). The unvaccinated macaques only produced Gag181-189CM9-specific T cells after
the SIV infection (Fig. 2B, left panel). No animals had detectable T cells specific for
Tat28-35SL8 until after the SIV infection (Fig. 2B, right panel).

Reevaluation of N-803 efficacy based on prior immune mediated viral control.
Prior vaccination did not predict whether the macaques would respond to the N-803 treat-
ment, suggesting that this was not the sole factor responsible for the N-803-mediated virus
suppression that we observed in our previous study (20). All of the animals in our previous
study spontaneously controlled SIV earlier during infection, a result typically associated with
cytotoxic T cell function (33). Therefore, we decided to restructure the current study to test
the alternative hypothesis that prior spontaneous SIV control predicts whether N-803 treat-
ment improves CD8 T cell function with the potential to control SIV replication. Along the
same lines, we expected that the CD8 T cells from the SIV noncontrollers would not exhibit
improved function after the N-803 treatment.

To test this alternative hypothesis, we rearranged our animal groups into SIV con-
trollers and noncontrollers based on the viral load set point established prior to

FIG 2 Viral loads for vaccinated and unvaccinated macaques are unchanged and did not differ during the N-
803 treatment. (A) Plasma was isolated from whole blood samples from the unvaccinated (blue) and
vaccinated (red and light blue) animals from the indicated time points post-N-803 administration, and the
Log10 virus copy equivalents/mL (ceq/mL) were determined as described in the methods. Vertical dashed lines
indicate a time point at which N-803 was delivered. (B) IFN-g ELISpots were performed on frozen PBMCs as
indicated in the methods. Briefly, PBMC from the indicated time points post-vaccination or post-SIV infection
were thawed and then incubated overnight with 1 mM of either the indicated peptides or media alone as a
negative control. The plates were developed according to the manufacturer's instructions. A positive response
was defined as the greater of the number of spot-forming colonies (SFCs) per 106 PBMCs that were 2
standard deviations above the average value for the negative-control, or 50 SFCs/106 PBMC.
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treatment with N-803. We included the 12 SIV noncontrollers from this study (Fig. 3A,
purple) whose viral load setpoint was above 104 copies/mL. There were only 3 animals
with a viral load set point lower than 104 copies/mL in the current study, so we
included samples from the 4 animals who responded to N-803 in the 2018 study to
increase the size of the controller group (20) (Fig. 3A, gold). These animals had been
infected with non-barcoded SIVmac239 for 1.5 to 3 years, and they had viral loads of
approximately 103 to 104 copies/mL at the time of N-803 treatment (Table 1) (20). We
only included PBMC collected during the first 7 days after the first dose of N-803 treat-
ment from the 2018 study (Fig. 3B) because the N-803 regimens were different for
these two studies after this time point (described in Table 1).

SIV controller status does not impact N-803 mediated increases in bulk CD8 T
cells or NK cells. We measured the increases in absolute CD8 T cells (Fig. 4A) and NK cells
(Fig. 4C) in the peripheral blood from the SIV controllers and noncontrollers. There was no
difference in the N-803 mediated increase in either cell type between the controllers (gold)
and the noncontrollers (purple) 7 days after the first dose of N-803. We found similar results
when we extended this analysis to the same cell populations for all three doses of N-803
used in the animal study described here (Fig. 4B and D).

SIV controller status does not impact N-803 mediated expansion of SIV-specific
cells.Wewanted to determine if the virus-specific CD8 T cells from the SIV controllers were
uniquely more responsive to treatment with N-803, compared to their noncontroller coun-
terparts. To characterize the SIV-specific cells in greater detail, we utilized the Mamu-A*001
tetramers Gag181-189CM9 and Tat28-35SL8. We also included the Mamu-B*008-tetramer
Nef137-146RL10 for the animals who expressed Mamu-B*008 but not Mamu-A*001 (r08016,
r09089, and r08084 from Fig. 3). See Fig. S2 for the gating schematics.

Within each group, we examined the frequencies of the CD31 cells that were
CD81SIV tetramer negative (CD81SIVtet2), Gag181-189CM9/Nef137-146RL10 tetramer posi-
tive, or Tat28-35SL8 tetramer positive (Fig. 5A). At each time point, there were somewhat

FIG 3 Rearrangement of animals into SIV controllers and SIV noncontrollers. (A) Animals from the original
vaccine study (blue, red, and light blue) were grouped according to viral loads. SIV noncontrollers (n = 12,
purple monkey) are shown in the box on the left and had viral loads above 104 ceq/mL (Fig. 2). SIV controllers
(n = 7, gold monkey) are shown in the box on the right and had viral loads at or below 104 ceq/mL (20) (Fig. 2).
(B) Timeline of samples used for studies comparing CD8 T cells from the SIV controllers and noncontrollers.
Frozen PBMC collected from the time points indicated from the animal groups described in (A) are shown on
the timeline and were used for the downstream analysis.
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higher frequencies of CD31CD81SIV tetramer negative T cells in the SIV noncontrollers
compared to the SIV controllers, and their frequencies were unaffected by the N-803
treatment (Fig. 5A, left panel). When we examined the SIV tetramer1 cells, there were
no statistically significant differences between the two groups in the frequencies of
any tetramer1 cells before or after the N-803 treatment (Fig. 5A, middle and right pan-
els). We also calculated the absolute numbers of Gag181-189CM9, Nef137-146RL10, and
Tat28-35SL81 CD8 T cells pre-and post-N-803 treatment (Fig. 5B). While N-803 did
increase the absolute number of these antigen-specific T cells in the peripheral blood
7 days after its administration, the fold change in antigen-specific T cells was similar for
both the SIV controllers and the noncontrollers (Fig. 5C).

The frequencies of vaccine-elicited T cells expressing granzyme B and ki-67 are
increased more in SIV controllers compared to noncontrollers. We hypothesized
that the vaccine-elicited CD8 T cells from SIV controllers may exhibit improved function
after N-803 treatment, compared to those of noncontrollers. This includes increased
proliferation and cytolytic potential. The proliferation of cells can be measured by
examining the frequency expressing ki-67, which is an intracellular marker that aids in
cell division (34). N-803 is known to increase the frequency of ki-671 CD8 T cells from
HIV-naive humans in vitro and SIV1 macaques in vivo (20, 21). granzyme B and perforin
are molecules involved in the degranulation and destruction of infected target cells
(35, 36). N-803 and other IL-15 agonists increase the expression of granzyme B and per-
forin in the NK cells and CD8 T cells of healthy individuals (18, 37, 38). We do not know
how chronic immune activation, a feature common among SIV noncontrollers (39),
reduces the expansion of CD8 T cells producing ki-67, granzyme B, or perforin upon N-
803 treatment, compared to the SIV controllers.

We measured the frequencies of CD81SIV tetramer1 and CD81tetramer-negative
cells expressing granzyme B and ki-67 before and after receiving N-803 (gating is
shown in Fig. S3). We found the frequency of Gag181-189CM9 tetramer1 EM and TM cells
producing ki-67 or granzyme B was increased most notably on day 3 after N-803 treat-
ment (Fig. 6A and 7A, left two panels). The fold increases in Gag181-189CM9 tetramer1

cells expressing these markers was most apparent in the SIV controllers, compared to
the SIV noncontrollers (Fig. 6A and 7A, right two panels). This was attributed to the
fact that the baseline frequencies of the Gag181-189CM9 tetramer1 EM and TM cells
expressing ki-67 or granzyme B were much higher in the SIV noncontrollers than in the
controllers (Fig. 6 and 7A, left panels; Fig. S3). This is likely a result of ongoing antigenic

TABLE 1 Animals included in the studya

Animal ID Sex
Age at time
of N-803 (yrs)

Infecting SIV
strain

Length of
SIV infection N-803 dosing regimen

Samples were used for
the indicated figures

rh2903 M 5 SIVmac239M 6 mo 0.1 mg/kg SubQ every 2 wks 1 to 8; S1; S4
rh2906 F 4 SIVmac239M 6 mo 1 to 8; S1; S4
rh2907 F 4 SIVmac239M 6 mo 1 to 8; S1; S4
rh2909 M 5.5 SIVmac239M 6 mo 1 to 8; S1; S4
rh2911 M 5.4 SIVmac239M 6 mo 1 to 8; S1; S4
rh2919 F 4.6 SIVmac239M 6 mo 1 to 8; S1; S4
rh2920 M 6.5 SIVmac239M 6 mo 1 to 8; S1; S4
rh2921 F 4.5 SIVmac239M 6 mo 1 to 8; S1; S4
r05053 F 15 SIVmac239M 6 mo 1 to 8; S1; S4
r15053 M 3.5 SIVmac239M 6 mo 1 to 8; S1; S4
r15090 F 3.3 SIVmac239M 6 mo 1 to 8; S1; S4
r03019 F 16 SIVmac239M 6 mo 1 to 8; S1; S4
r10063 M 10 SIVmac239M 6 mo 1 to 8; S1; S4
rh2493 M 11.9 SIVmac239M 6 mo 1 to 8; S1 to S4
rh2498 M 11.9 SIVmac239M 6 mo 1 to 8; S1; S3 to S4
r08016 M 8 SIVmac239 3 yr 0.1 mg/kg SubQ weekly 3 to 8; S4
r08054 M 6 SIVmac239 3 yr 3 to 8; S4
r09089 M 7 SIVmac239 3 yr 3 to 8; S2, S4
r11021 M 5 SIVmac239 1.5 yr 3 to 8; S4
aS1 to S4, Supplementary figures 1 to 4; yr, year; mo, month. Length of SIV infection indicates the length of the SIV infection prior to the N-803 treatment.
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stimulation by circulating virus. Central memory cells were too rare to characterize
(data not shown).

In contrast to the Gag181-189CM9 tetramer1 cells, the changes in the frequencies of
the CD81 SIV tetramer negative EM and TM cells expressing ki-67 or granzyme B after
the N-803 treatment were similar in all of the animals (Fig. 6B and 7B, left two panels).
This resulted in fewer differences between the SIV noncontrollers and the SIV control-
lers. The population of Tat28-35SL8 tetramer1 cells was analyzed in bulk, as there were
too few cells to examine individual memory populations. The frequencies of Tat28-35SL8
tetramer1 cells expressing ki-67 and granzyme B increased similarly after the N-803
treatment across animals (Fig. 6C and 7C).

N-803 treatment of SIV controllers increases the frequency of virus-specific
CD8 T cells expressing CD107a.We performed intracellular cytokine staining (ICS) assays
using PBMC collected pre- and post-N-803 treatment. We compared the frequency of anti-
gen-specific CD8 T cells producing TNF-a, IFN-g, and CD107a between the SIV controllers
and the noncontrollers. A representative gating schematic for CD107a, TNF-a, and IFN-g is
shown in Fig. S4 for an SIV controller (gold, top panels) and for an SIV noncontroller (pur-
ple, bottom panels).

We found that all animals had an increased frequency of CD81CD107a1, IFN-g1, and
TNF-1 cells in response to Gag or Nef peptides or a Gag peptide pool, relative to unstimu-
lated controls (Fig. S4B). We normalized the data from stimulated to unstimulated controls
collected from matched time points (Fig. 8A to C).

Similar to the frequencies of CD8 T cells expressing ki-67 or granzyme B, the SIV
noncontrollers (purple) had a higher background of CD8 T cells expressing CD107a
compared to the controllers (Fig. S4B). After eliminating the background signal, we

FIG 4 No differences were observed in the increases of bulk CD8 T cells or NK cells between the SIV
controllers and noncontrollers during the N-803 treatment. (A–D). PBMC from SIV noncontrollers (purple) or
SIV controllers (gold) collected at the indicated time points post-N-803 treatment were stained with the panel
originally described in Table 3 of (20). The frequency of CD8 T cells (defined as CD31CD81 cells; panels A and
B) and NK cells (defined as CD32CD81NKG2A1 cells; panels C and D) were determined. Complete white blood
cell counts (CBC) were used to quantify the absolute number of each cell population. Then, the data were
normalized to the average value for the pretreatment controls for each population and are displayed as the
fold changes in absolute cell counts, relative to the pretreatment average. For panels A and C, Mann-Whitney
tests were performed to determine statistical significance. P = ns, not significant.
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found that the N-803 treatment had little impact on the frequency of CD107a1 cells
from the SIV noncontrollers, relative to the pre-N-803 time points (Fig. 8A, purple).
Similarly, after the elimination of background signal, there were no statistically signifi-
cant differences in the frequencies of IFN-g1 or TNF-a1 cells after N-803 treatment for
the SIV noncontrollers, relative to the pre-N-803 time points (Fig. 8B and C, purple).

In contrast, cells collected from SIV controllers at day 3 post-N-803 treatment had a
statistically significant increase in the frequency of antigen-specific CD107a1 CD8 T
cells. The frequency of CD107a1 antigen-specific cells collected from day 7 post-N-803
remained elevated but did not reach statistical significance (Fig. 8A, right panel, gold).
We found minor but statistically significant increases in IFN-g1 (Fig. 8B, right panel,
gold) and TNF-a1 (Fig. 8C, right panel, gold) CD8 T cells with Gag peptide pool stimula-
tion from the cells collected from the day 3 post-N-803 treatment time point, com-
pared to the pre-N-803 time point.

DISCUSSION

We previously found that the administration of the IL-15 superagonist N-803 to
SIV1 ART-naive vaccinated macaques led to the rapid, but transient, control of plasma
viremia (20). Here, we tested the hypothesis that vaccination, prior to SIV infection,
was necessary for the N-803 treatment to induce suppression of plasma viremia.
Unfortunately, we found that prior vaccination alone did not confer N-803-mediated
control of plasma viremia during N-803 treatments in macaques (Fig. 2). When divided

FIG 5 Frequencies of SIV-specific cells or memory populations between SIV controllers and noncontrollers do
not differ, and they are not altered during N-803 treatment. (A) Frozen PBMC from the SIV noncontrollers
(purple) and SIV controllers (gold) that were collected from the indicated time points post-N-803 were thawed
and then stained with the panel described in Table 3. Flow cytometric analysis was performed to determine
the frequencies of the CD31MR1 tetramer-cells that were: CD81SIV tet– (left panel), CD81Gag181-189CM9 (gold/
purple circles), CD81Nef137-146RL10 (gold stars) tet1 (middle panel), or CD81Tat28-35SL8 tet1 (right panel) for
each time point. (B and C) Frozen PBMC from the SIV noncontrollers (purple) or SIV controllers (gold) were
collected from the indicated time points as described above. Complete white blood cell counts (CBC) were
used to quantify the absolute number of each cell population (B). Then, the data were normalized to the
average value for the pretreatment controls for each population and are displayed as the fold changes in
absolute cell counts, relative to the pretreatment average (C). Mann-Whitney tests were performed to
determine statistical significance. P = ns, not significant.
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into groups based on viral load, we found that the N-803 treatment led to larger
increases in the frequencies of ki-67 and granzyme B1 Gag181-189CM9 tetramer1 cells of
SIV controllers compared to those of SIV noncontrollers (Fig. 6 and 7). Additionally, in
the SIV controllers but not in the noncontrollers, the CD8 T cells collected after the N-
803 treatment were more likely to produce CD107a after Gag peptide stimulation.
These findings suggest that Gag-specific CD8 T cells from SIV controllers may have the
potential to exhibit improved proliferation and cytotoxicity with the N-803 treatment,
compared to those of SIV noncontrollers.

Our study could have important implications for the clinical use of N-803 to boost
CD8 T cell function in HIV1 individuals. Those with uncontrolled plasma viremia have
dysregulated HIV/SIV specific CD8 T cells (8, 39). We observed that the SIV-specific CD8
T cells of noncontrollers had a chronically activated phenotype, with higher frequen-
cies of cells expressing granzyme B and ki-67 before the N-803 treatment (Fig. 6 and 7;
Fig. S3). N-803 did not lead to a substantial increase of CD8 T cells with this activated

FIG 6 N-803 treatment increases the frequency of SIV-specific cells expressing the proliferation marker ki-67
to a greater extent in SIV controllers compared to SIV noncontrollers. Frozen PBMC from SIV noncontrollers
(purple) and SIV controllers (gold circles and stars) that were collected from the indicated time points post-N-
803 treatment were thawed, and flow cytometry was performed using the panel described in Table 2. The
frequencies of ki-671 cells (left panels) and the fold changes in ki-67 relative to the pre-N-803 treatment
controls (right panels) were examined at the indicated time points for effector memory (CD282CD951CCR7–;
EM), and transitional memory (CD281CD951CCR7–; TM), cells for the following parent populations of cells: (A)
CD81Gag181-189CM9 (gold/purple circles) or CD81Nef137-146RL10 (gold stars) tet1 cells or (B) CD81SIV tet–cells.
(C) CD81Tat28-35SL8 tet1 cells were analyzed in bulk for the frequencies (left panel) and fold changes (right
panel) of the ki-671 cells. For the graphs of the ki-67 frequencies within a cohort, repeated measures analysis
of variance (ANOVA) nonparametric tests were performed with Dunnett’s multiple comparisons for individuals
across multiple time points. For graphs comparing the fold changes in the percent ki671 cells between
controllers and noncontrollers for a given time point, Mann-Whitney tests were performed to determine
statistical significance: P = ns, not significant; *, P# 0.05; **, P# 0.005; ***, P# 0.0005.
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phenotype during treatment (Fig. 6 and 7). Chronic immune activation leads to a type
of immune “exhaustion” that leaves HIV/SIV specific cells unable to combat infection
(39–42). It is possible that the SIV-specific CD8 T cells from the SIV noncontrollers ex-
hibit some phenotypes associated with immune exhaustion, which could lead to the
inhibition of signaling pathways downstream of the IL-15 receptor activation. For
example, STAT-5 is activated as a part of the IL-15 receptor signaling pathway (43).
Chronic HIV/SIV infection can lead to an increase in the frequency of PD-1 expression
on immune cells (44, 45), which may reduce STAT-5 activation (46, 47) and thus inhibit
the IL-15 receptor signaling pathway.

Alternatively, chronic viral infection and/or immune exhaustion in our macaque
model could have direct effects on the surface expression of the IL-15 receptor. The IL-
15R is one member of the gC receptor cytokine family, which also includes the IL-7R
and IL-2R (43). HIV infection in humans can lead to the downregulation of IL-7 receptor
expression (CD127) on CD8 and CD4 T cells (48, 49). Studies in LCMV-infected mice

FIG 7 N-803 treatment increases the frequency of SIV-specific cells expressing the proliferation marker
granzyme B to a greater extent in SIV controllers compared to SIV noncontrollers. Frozen PBMC from SIV
noncontrollers (purple) and SIV controllers (gold circles and stars) that were collected from the indicated
time points post N-803 were thawed, and flow cytometry was performed using the panel described in
Table 2. The frequencies of granzyme B1 cells (left panels) or the fold changes in granzyme B1 cells
relative to the pre-N-803 controls (right panels) were examined at the indicated time points for effector
memory (CD28–CD951CCR7–; EM), and transitional memory (CD281CD951CCR7-; TM), cells for the
following parent populations of cells: (A) CD81Gag181-189CM9 (gold/purple circles) or CD81Nef137-146RL10
(gold stars) tet1 cells or (B) CD81SIV tet–cells. (C) CD81Tat28-35SL8 tet1 cells were analyzed in bulk for the
frequency (left panel) and fold change (right panel) of granzyme B1 cells. For the graphs of the granzyme
B frequencies within a cohort, repeated measures ANOVA nonparametric tests were performed with
Dunnett’s multiple comparisons for individuals across multiple time points. For graphs comparing the
fold changes in the percent granzyme B1 cells between controllers and noncontrollers for a given time
point, Mann-Whitney tests were performed to determine statistical significance: P = ns, not significant; *,
P# 0.05; **, P# 0.005; ***, P# 0.0005.
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have shown that chronic LCMV infection and a subsequent activation/exhaustion of
immune cells can lead to the downregulation of the IL-15/IL-2 b chain receptor, CD122
(50). We previously found that multiple doses of N-803 led to the downregulation of
CD132 (common g chain receptor) and CD122 on CD8 T cells and NK cells (20). We did
not have enough frozen PBMC from the SIV controllers to measure the expression of
CD132 and CD122 across all of the animals in the present study. Future studies could
determine whether the chronic immune activation of antigen-specific CD8 T cells of
SIV noncontrollers leads to the inhibition of IL-15 receptor expression or the dysfunc-
tion of IL-15 signaling pathways after the N-803 treatment, compared to those of SIV
controllers. Furthermore, while antiretroviral treatment (ART) may not fully restore the
function and phenotype of HIV/SIV-specific CD8 T cells (51), future studies could deter-
mine whether ART can restore the defects associated with IL-15 signaling that are
ascribed to the chronic immune activation of antigen-specific CD8 T cells in SIV
noncontrollers.

FIG 8 N-803 treatment in SIV controllers, but not in SIV noncontrollers, leads to an improvement in
CD107a production in functional assays. Frozen PBMC from SIV noncontrollers (purple) and SIV controllers
(gold) that were collected from the pre-N-803 treatment (pre), day 3 post-N-803 treatment (D3), and day
7 post-N-803 treatment (D7) time points were thawed and incubated overnight with either media alone,
0.5 mg/mL Gag181-189CM9, Nef137-146RL10 peptides, or 0.5 mg/mL of the SIVmac239 Gag peptide pool. The
next day, flow cytometry was performed using the panel described in Table 4. The data were normalized
by background subtraction. The frequency of cells producing CD107a (A), IFN-g (B), or TNF-a (C) after
background subtraction in response to the indicated antigen are shown. For all statistical analyses,
repeated measures ANOVA nonparametric tests were performed with Dunnett’s multiple comparisons. For
individuals for whom samples from time points were missing, mixed-effects ANOVA tests were performed
using the Geisser-Greenhouse correction. *, P # 0.05; **, P # 0.005.
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One other factor that may be driving chronic immune activation in the SIV noncon-
trollers is the type I interferon (IFN-I). There is a growing body of evidence that IFN-I
can augment immune activation during chronic viral infections, including HIV/SIV
infection (52, 53). In addition to the dysregulation of CD8 and CD4 T cells in the periph-
ery, IFN-I signaling during chronic SIV infection can also impair the development of B
cells and the antibody response in the lymph node follicles (54). These defects could
further drive virus proliferation and subsequent immune cell activation and/or exhaus-
tion (54). If chronic IFN-I signaling is responsible for the phenotypes we observed in
our study here (Fig. 6 and 8), future studies could investigate the blocking of IFN-I sig-
naling prior to or during N-803 treatment to reverse chronic immune cell activation
and improve T cell function. There have been success in LCMV-infected mice showing
that blocking IFN-I signaling could result in faster viral clearance and reduced viral
loads (55). Some recent studies have shown that blocking IFN-I signaling during
chronic SIV infection could improve T cell function and reduce SIV reservoir size (56,
57). Overall, exploring mechanisms by which we could reverse chronic immune activa-
tion and increase responsiveness to N-803 could be valuable for individuals who do
not naturally control HIV/SIV infection.

While vaccination did not always lead to the control of SIV infection in our study, the
vaccine-elicited Gag181-189CM9 tetramer1 cells from the SIV controllers exhibited greater
increases in the frequencies of cells expressing ki-67 and granzyme B during the N-803
treatment, compared to those of the noncontrollers (Fig. 6 and 7A). Furthermore, the Gag-
specific CD8 T cells in the ICS assays from the SIV controllers displayed a greater ability to
produce CD107a, compared to the Gag-specific CD8 T cells from the SIV noncontrollers
(Fig. 8). These improvements to the proliferative and cytotoxic capabilities suggests that
vaccination, combined with N-803 immunotherapy, may impact the SIV reservoir. N-803
was found in two separate studies to be unable to reduce the SIV reservoir, but both of
these studies were in unvaccinated macaques (22). However, we observed differences in
the functions of CD8 T cells in the peripheral blood in the SIV controllers during the N-803
treatment, compared to those of the noncontrollers (Fig. 6 and 8). While our vaccination
approach was not successful, our data could indicate that a different, more robust vaccina-
tion approach plus N-803 treatment could improve the cytotoxic function of CD8 T cells in
the lymph nodes and tissues. Since the lymph nodes are critical sites of SIV replication, it
will be interesting to focus on the dynamics of N-803-boosted, vaccine-elicited CD8 T cells
from SIV controllers and noncontrollers in future, larger animal studies.

Overall, our study begins to explore the host conditions under which N-803 may be
most effective at improving the cytotoxic function of CD8 T cells. We found that prophylac-
tic vaccination alone did not condition animals to respond to N-803. However, animals pre-
disposed to viral control had a population of CD8 T cells that were more responsive to
N-803, compared to animals that never controlled virus replication. Specifically, it appears
as though N-803 increases the function of the SIV-specific CD8 T cells from the SIV control-
lers to a greater degree than those from the SIV noncontrollers. Our findings support that
N-803 could have potential as an immunotherapeutic agent for HIV/SIV1 individuals, par-
ticularly in the setting of HIV/SIV control, such as during ART treatment.

MATERIALS ANDMETHODS
Animals and reagents. (i) Animals. All 15 of the newly infected Indian rhesus macaques involved in

this study were genotyped for the MHC class I allele Mamu-A1*001 using methods described previously (58).
All of the animals involved in this study were cared for and housed at the Wisconsin National Primate
Resource Center (WNPRC), following practices that were approved by the University of Wisconsin Graduate
School Institutional Animals Care and Use Committee (IACUC; protocol number G005507). All procedures,
such as the administration of vaccines, biopsies, blood draw collections, and the administration of N-803,
were performed as written in the IACUC protocol, under anesthesia to minimize suffering.

Frozen samples were also analyzed from rhesus macaques included in a previously published study
(20) that was approved under protocol number G005507. Table 1 shows a list of the animal ID, sex,
infecting SIV strain, length of SIV infection prior to N-803 treatment, N-803 dosing regimen, and the fig-
ures in which samples from each animal were included.

(ii) DNA plasmid vector. The endotoxin-free DNA plasmid vaccine vector (hCMV/R-SIVmac239 gag)
utilized in this study consisted of the SIVmac239 gag gene produced under the control of a CMV
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promoter (hCMV/R), and it was constructed as previously described (59). This plasmid vector was kindly
provided by John Mascola, Robert Seder, and Wing-Pui Kong at the NIH Vaccine Research Center.

(iii) Rhesus IL-12 DNA plasmid vector. The endotoxin-free rhesus IL-12 DNA plasmid vector (plas-
mid AG157) was kindly provided by George Pavlakis and Barbara Felber. This plasmid vector consisted
of the two subunits of the rhesus IL-12 gene expressed from dual promoters in the plasmid, and it was
constructed as previously described (60).

(iv) rAd5 SIVmac239gag vaccine vector. All vaccinated animals received 1010 particles of a replica-
tion-incompetent rAD5 vaccine vector expressing SIVmac239 gag (ViraQuest; North Liberty, IA).

(v) N-803 reagent. N-803 was provided by ImmunityBio (San Diego, CA), and it was produced using
previously described methods (18).

Clinical procedures and viral loads. (i) Vaccination of rhesus macaques. The vaccine regimen con-
sisted of a heterologous DNA prime/Ad5 boost strategy. Briefly, all vaccinated macaques received 2 doses
of 2 mg of a DNA vaccine vector expressing the SIVmac239 gag gene, with or without 0.2 mg of a rhesus
macaque IL-12 plasmid expression vector, delivered by electroporation (described below). Each dose was
separated by 4 weeks. 4 weeks after the second DNA vaccination, the animals were given a boost vaccine
consisting of 1010 particles of an rAD5 vaccine vector expressing SIVmac239 gag, delivered intramuscularly.

(ii) Delivery of DNA vectors by electroporation. As described above, the animals were given two
doses of the DNA vaccine vector, delivered approximately 4 weeks apart, following previously described
protocols (31). Briefly, 2 mg of the hCMV/R-SIVmac239 gag plasmid, with or without 0.2 mg of the rhesus
macaque IL-12 plasmid (AG157), were prepared in 500 mL of endotoxin-free PBS. The plasmids were
delivered intramuscularly via electroporation. The electroporation device was provided by Ichor Medical
Systems (San Diego, CA). The electroporation method has been utilized in previous studies (61) and con-
sisted of an electrical impulse of 40 ms over a 400 ms duration at 250 V/cm.

(iii) SIVmac239M infection. All 15 animals in this study were infected intravenously with 10,000 in-
fectious units (IU) of a barcoded SIVmac239, termed SIVmac239M. In the case of the vaccinated maca-
ques, the SIV infection occurred eight weeks after the rAd5 vaccination. The SIVmac239M virus used in
this study was kindly provided by Brandon Keele and was constructed as previously described (32).

(iv) N-803 administration. The N-803 dose and route of administration used in this study were pre-
viously determined to be safe and efficacious in macaques (18, 20). In the present study, all macaques
received N-803 approximately 6 months after the SIV infection. They received three doses of 0.1 mg/kg
N-803, administered subcutaneously. Each dose was separated by 2 weeks.

TABLE 2 Cytolytic granule/proliferation panel

Antibody Clone Tetramer/surface/intracellular
Gag181-189CM9-PE or Nef137-146RL10-PE —b Tetramer
Tat28-35SL8-BV605 — Tetramer
MR1 5OPRU-BV421 — Tetramera

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
aThe MR1 5OPRU tetramer staining was used to characterize MAIT cells, which were excluded from the manuscript.
b—, indictaed “not applicable” (N/A).

TABLE 3 Chemokine/trafficking panel

Antibody Clone Tetramer/surface/intracellular
Gag181-189CM9-PE —b Tetramer
Tat28-35SL8-BV605 — Tetramer
MR1 5OPRU-APC — Tetramera

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-b3 Surface
CD132-BB515 AG184 Surface
LIVE/DEAD Near IR ARD — —
aThe MR1 5OPRU tetramer staining was used to characterize MAIT cells, which were excluded from the manuscript.
b—, indicated “not applicable” (N/A).
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(v) Viral loads. Plasma viral loads were quantified as previously described (20, 62). Briefly, viral RNA
(vRNA) was isolated from plasma samples using the Maxwell Viral Total Nucleic Acid Purification Kit
(Promega, Madison WI). Then, vRNA was reverse transcribed using the TaqMan Fast Virus 1-Step qRT-
PCR Kit (Invitrogen) and quantified on a LightCycler 480 or LC96 instrument (Roche, Indianapolis, IN).

IFN-c ELISpot assays. To validate that vaccination elicited Gag-specific immune responses, IFN-g
ELISPOT assays were used as previously described (63, 64). Briefly, frozen PBMCs from the indicated time
points pre- and post-vaccination were thawed, and 1�105 cells were then added to each well of a mon-
key IFN-g ELISPOT plate (Mabtech, Sweden), along with 1 mM of either Gag181-189CM9 or Tat28-35SL8 pep-
tides in RPMI media supplemented with 10% fetal bovine serum (FBS). As negative and positive controls,
cells were incubated with either RPMI media with 10% FBS alone or with media supplemented with
10 mg/mL concanavalin A, respectively. The plates were incubated overnight at 37°C and 5% CO2, and
they were developed the following day, according to the manufacturer’s instructions. The plates were
read using an AID robotic ELISPOT reader (AID, Strassberg, Germany). A positive response was defined
as the greater of the number of spot-forming colonies (SFCs) per 106 PBMCs that were 2 standard devia-
tions above the average value for the negative-control or 50 SFCs/106 PBMC.

Flow cytometric analysis. (i) Tetrameric reagents. The Mamu-B*008 Nef137-146RL10 and Mamu-A1*001
Tat28-35SL8 biotinylated monomers were produced by the NIH Tetramer Core Facility at Emory University
(Atlanta, GA). The Mamu-A1*001 Gag181-189CM9 biotinylated monomer was purchased from MBL International
(Woburn, MA). TheMamu-B*008 Nef137-146RL10 andMamu-A*001 Gag181-189CM9 monomers were then tetramer-
ized with streptavidin-PE (0.5 mg/mL, BD Biosciences) at a 4:1 molar ratio of monomer: streptavidin. Briefly, 1/
10 volumes of streptavidin-PE were added to the monomer every 10 min and incubated in the dark at 4°C until
the 4:1 molar ratio was achieved. The Mamu-A*001 Tat28-35SL8 monomer was tetramerized to streptavidin-
BV605 (0.1 mg/mL, BD Biosciences) or streptavidin-APC (0.25 mg/mL, Agilent Technologies) at 8:1 monomer:
streptavidin molar ratios for both fluorochromes. The tetramerization protocol was identical to that described
above.

(ii) In vitro characterization of NK cells. Using freshly isolated PBMC isolated from whole blood
samples, NK cells were characterized using the antibodies, staining panel, and methods described in
Table 2 of our previous manuscript (20). Flow cytometric analysis was performed on a BD Symphony A3
(Becton, Dickinson, Franklin Lakes, NJ), and the data were analyzed using the FlowJo software package
for Macintosh (version 10.7.1).

(iii) In vitro characterization of SIV-specific CD8 T cell phenotype and function. For all character-
izations of CD8 T cell phenotypes and functional analyses performed in this study, frozen PBMC isolated
from whole blood samples were used. The panels used are indicated in Tables 2 to 4.

For all panels, tetramer staining was performed prior to additional surface and intracellular staining.
Tetramer stains were performed at room temperature in the dark for 45 min in RPMI media supple-
mented with 10% FBS and 50 nM dasatinib (Thermo Fisher Scientific, Waltham, MA). After 45 min, the
cells were washed in a solution of FACS buffer (2% FBS in a 1� PBS solution) containing 50 nM dasatinib,
and surface stains were performed using the antibodies indicated in Tables 2 to 4 for 20 min at room
temperature in the dark. Cells were fixed in a 2% paraformaldehyde solution. Following a 20-minute
incubation, samples were either run on a BD Symphony A3 or permeabilized and stained for 20 min at
room temperature in medium B (Thermo Fisher Scientific, Waltham, MA) for intracellular markers. Flow
cytometric analysis was performed as described above.

(iv) Intracellular cytokine staining (ICS) assay. Intracellular cytokine staining assays were performed as
previously described, with slight modifications for optimal responses (20, 63). Briefly, frozen PBMC were thawed
and rested for approximately 4 to 6 h in RPMI media containing 15% FBS. Then, Gag181-189CM9 or Tat28-35SL8 pep-
tides, or the SIVmac239 Gag peptide pool, were added to the cells at a final concentration of 0.5mg/mL. The cells
and peptides were incubated at 37°C for 90 min, and then 1mg/mL Brefeldin A (BioLegend, San Diego, CA) and
2mMmonensin (BioLegend, San Diego, CA) were added along with CD107a-BV605 and incubated for 16 h (over-
night) at 37°C and 5% CO2. The following day, the cells were stained according to the methods described above
with the surface and intracellular antibodies provided in Table 4. Flow cytometric analysis was performed as
described above.

Statistical analysis. For statistical analyses performed with the same individuals across time, repeated
measures analysis of variance (ANOVA) nonparametric tests with Dunnett’s multiple comparisons were per-
formed. For individuals with missing samples for a subset of time points, mixed-effects ANOVA tests were
performed, using the Geisser-Greenhouse correction. For statistical analyses comparing two groups of ani-
mals from the same time point, Mann-Whitney tests were used.

TABLE 4 Antibodies used for ICS assay

Antibody Clone Tetramer/surface/intracellular
CD3-V500 SP34-2 Surface
CD4-BUV737 SK3 Surface
CD8-BUV395 RPA-T8 Surface
CD107a-BV605 H4A3 Surface
TNF-a-AF700 Mab11 Intracellular
IFN-g-FITC 4S.B3 Intracellular
LIVE/DEAD Near IR ARD —a —
a—, indicated “not applicable” (N/A).
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