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SUMMARY

Invariant natural killer T-lymphocytes (iNKT) are unique immunomodulatory
innate T cells with an invariant TCRa recognizing glycolipids presented on MHC
class-I-like CD1d molecules. Activated iNKT rapidly secrete pro-and anti-inflam-
matory cytokines, potentiate immunity, and modulate inflammation. Here, we
report the effects of in vivo iNKT activation in Mauritian-origin cynomolgus ma-
caques by a humanized monoclonal antibody, NKTT320, that binds to the
invariant region of the iNKT TCR. NKTT320 led to rapid iNKT activation,
increased polyfunctionality, and elevation of multiple plasma analytes within 24
hours. Flow cytometry and RNA-Seq confirmed downstream activation of multi-
ple immune subsets, enrichment of JAK/STAT and PI3K/AKT pathway genes, and
upregulation of inflammation-modulating genes. NKTT320 also increased iNKT
frequency in adipose tissue and did not cause iNKT anergy. Our data indicate
that NKTT320 has a sustained effect on in vivo iNKT activation, potentiation of
innate and adaptive immunity, and resolution of inflammation, which supports
its future use as an immunotherapeutic.

INTRODUCTION

Invariant Natural Killer T (iNKT) lymphocytes are rare, innate T-lymphocytes with unique antigen recogni-

tion and immunomodulatory properties that make up approximately 0.01–0.1% of circulating T-lympho-

cytes in humans (Berzins et al., 2011). iNKT were first discovered in mice during anti-tumor studies and

named for the expression of the natural killer (NK) marker NK1.1 on T-lymphocytes. iNKT differ from clas-

sical T lymphocytes in multiple distinct, important ways. iNKT express a conserved T-cell receptor (TCR) Va

chain with an invariant complementary determining region 3 (CDR3a) as opposed to the polymorphic TCR

on classical T-lymphocytes. Primate iNKT express Va24-Ja18 which preferentially pairs with a restricted

repertoire of Vb subunits, generally Vb11 (Bendelac et al., 2007). In contrast with classical T lymphocytes,

iNKT recognize and are rapidly activated by both endogenous and exogenous glycolipid antigens pre-

sented by antigen presenting cells (APCs) on nonpolymorphic MHC-class-I-like CD1d molecules. The clas-

sical, most widely studied iNKT activating lipid antigen is alpha-galactosylceramide (aGC), derived from

the marine sponge Agelas mauritianus and first identified in murine cancer studies (Berzins et al., 2011).

Upon activation, iNKT rapidly produce a wide range of cytokines covering T helper (Th) 1, Th2 and Th17

functionality, often from the same cell (Van Kaer et al., 2015). iNKT in primates are more strictly defined

by co-staining of the aGC-loaded CD1d tetramer (CD1dTM) and Va24 on CD3+ T-lymphocytes (Watarai

et al., 2008; Rout et al., 2010).

Because of their rapid response and broad functional potential, iNKT bridge the gap between innate and

adaptive immunity (Brennan et al., 2013). Once activated, iNKT can be directly cytolytic (through perforin

and granzyme B) and display Th1, Th2 and Th17 effector functions. Additionally, iNKT rapidly influence the

function of multiple immune subsets (Brennan et al., 2013). Bidirectional interactions between iNKT and

dendritic cells (DC) enhances DC maturation and facilitates antigen cross-presentation and priming of an-

tigen-specific T-lymphocyte responses (Fujii et al., 2004; Stober et al., 2003). Activated iNKT can potentiate

macrophage phagocytic function and affect polarization (Brennan et al., 2013). IFNg production by iNKT

rapidly activates natural killer (NK) cells improving cytolysis (Carnaud et al., 1999). Finally, iNKT are known

to recruit and provide help to B cells, improving B cell maturation, antibody class switching, and overall
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humoral immunity (Chang et al., 2011; King et al., 2011). Because of their diverse immunomodulatory prop-

erties, there is great interest in harnessing iNKT activation as an immunotherapeutic tool and a vaccine

adjuvant.

Studies exploring aGC-mediated iNKT activation as an immunomodulatory tool and vaccine adjuvant have

largely been conducted in mice with varying degrees of success (Kopecky-Bromberg et al., 2009; Gonzalez-

Aseguinolaza et al., 2002; Fujii et al., 2003; Silk et al., 2004; Venkataswamy et al., 2009). One barrier to the

use of iNKT activating agents such as soluble aGC in vivo in murine cells is subsequent iNKT anergy in which

iNKT are rendered unable to respond to further stimuli (Fujii et al., 2002; Parekh et al., 2005). Reports on the

efficacy of repeated in vivo administration of soluble aGC on potentiating iNKT function in humans are

limited (Giaccone et al., 2002). Administration of aGC loaded on autologous DCs has shown great promise

for cancer immunotherapy in human studies without inducing anergy (Kunii et al., 2009; Motohashi et al.,

2011; Chang et al., 2005). Because of the limitations in use of soluble aGC, alternate strategies of in vivo

iNKT activation that can effectively harness the immunomodulatory properties of iNKT for widespread ther-

apeutic use are warranted.

Antibodies directed against the iNKT cell receptor are one such class of potential iNKT modulating agents.

NKTT120 is a humanized monoclonal iNKT depleting antibody developed by NKT Therapeutics (Sharon,

MA) that directly binds to the CDR3 region of the Va�subunit of the semi-invariant iNKT TCR with high affinity

(Scheuplein et al., 2013). NKTT120 was engineered with an IgG1 Fc, thus supporting Fc-receptor binding and

iNKTdepletion by antibody dependent cellular cytotoxicity (ADCC) (Scheuplein et al., 2013). NKTT120 success-

fully depleted iNKTwithout any adverse effects in healthy humans andmacaques (Scheuplein et al., 2013; Field

et al., 2017). The humanized monoclonal antibody NKTT320 developed by NKT Therapeutics shares the vari-

able region and iNKT binding specificity with NKTT120 but was engineered with an IgG4 Fc (Scheuplein et al.,

2013) allowing it to successfully bind and activate iNKT without ADCC-mediated depletion (Reddy et al., 2000;

Patel et al., 2020). In vitro iNKT activation in response to NKTT320 has been characterized previously (Patel

et al., 2020), however, the in vivo translational potential has yet to be described.

In this study, we characterized the in vivo effects of NKTT320 administration on iNKT function and

bystander lymphocyte subsets in Mauritian-origin cynomolgus macaques (MCM). We show rapid induction

of iNKT activation and polyfunctionality without anergy, downstream effects on monocytes, T- and B-lym-

phocytes, and gene enrichment in the inflammatory response, heme metabolism, JAK/STAT signaling and

PI3K/AKT pathways. Our results demonstrate the utility of NKTT320 as an in vivo immunomodulatory tool

with high translational promise.

RESULTS

NKTT320 specifically activates iNKT

To characterize the potential of NKTT320 as an immunomodulatory tool, we first conducted in vitro studies

in unfractionated peripheral blood mononuclear cells (PBMCs) of MCM. MCM were chosen because their

circulating iNKT frequencies and phenotype are more similar to humans than other NHP models (Rout

et al., 2012). As previously reported, iNKT were identified by flow cytometry as T-lymphocytes binding to

aGC-loaded CD1d-tetramers (CD1dTM) and co-expressing the Va24 TCR (Rout et al., 2010, 2012) (Figures

1A and S1A). PBMCs stimulated in vitro with goat-anti-mouse-IgG (GAM-IgG) cross-linked NKTT320 at

200ng/mL showed specific iNKT activation as evidenced by CD3 downregulation, CD69 upregulation,

and secretion of IFNg and TNFa compared to media alone (Figures 1B and S1B). Escalating concentrations

of NKTT320 showed a dose-dependent effect on iNKT activation as indicated by downregulation of Va24,

CD1dTM, and CD3; and upregulation of CD69 (Figures 1C, 1D, S1C, and S1D). At higher doses, a combi-

nation of TCR downregulation and competition for the same invariant TCR binding site resulted in loss of

sensitivity to detect CD1dTM-positive iNKT (Figure 1C). iNKT activation was not associated with non-NKT

T-lymphocyte activation during a 24-h stimulation period demonstrating the iNKT specificity of NKTT320

(Figures 1B, 1D, S1C, and S1D).

We then evaluated in vitro NKTT320 treatment for differences in activation of single positive CD4 or CD8

iNKT. Unlike in humans, MCM iNKTs do not have a substantial CD4/CD8 double-negative population, so

this population was not investigated (Rout et al., 2010). Unstimulated cultured CD4+ and CD8+ iNKT did not

differ in baseline activation levels measured by surface CD69 and HLA-DR expression (Figure 1E and data

not shown). NKTT320 treatment led to significant activation of both CD4+ (p = 0.0312) and CD8+ iNKT (p =
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0.0312) as measured by CD69 upregulation (Figure 1E). There was no significant difference in activation of

CD4+ compared to CD8+ iNKT (data not shown).

To examine broader functional changes resulting from NKTT320 treatment we cultured PBMC in vitro for

48 h with either media alone (mock stimulation) or with cross-linked NKTT320 and measured secreted

Figure 1. iNKTs are specifically activated by NKTT320

(A) Representative plot showing iNKT and non-NKT T cell gating strategy gated on CD3+T-cells.

(B) Overlay histograms (unstimulated = shaded, NKTT320 = open histogram) comparing CD3, CD69 and cytokine

expression on R10 and NKTT320 (200 ng/mL) treated PBMCs stimulated for 4hrsin vitro, iNKTs (top) and non-NKT T–cells

(bottom).

(C and D) In vitro data showing iNKT frequency and TCR downregulation after overnight incubation with escalating

concentrations of NKTT320. TCR downregulation is measured by Va24, CD1d and CD3.

(E) CD4+ and CD8+ iNKT activation in vitro measured by CD69 in six animals stimulated with 200 ng/mL NKTT320 for 4 h.

(F) Luminex data showing analytes which were elevated in cells stimulated with 200 ng/mL NKTT320 compared with

medium. Supernatants were collected after 48 h. Statistics were done by non-parametric Wilcoxon signed-rank test

(n = 3). *<0.05, **<0.01. Mean and standard error of the mean (SEM) are shown. See also Figure S1
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analytes using a non-human primate (NHP) 29-plex Luminex (Figures 1F and S1E). Analytes significantly

elevated in the NKTT320-treated supernatants included proinflammatory and Th1 cytokines (IFNg,

TNFa, IL-12, IL-2, IL-15), chemokines (CCL4), and growth factors (FGF-basic, HGF). IL-6, CXCL8 (IL-8),

CCL2, CCL3, and CCL5 (RANTES) trended higher but the increase did not reach statistical significance.

Differential effects of in vitro NKTT320 and aGC stimulation on iNKT function

Because glycolipid agonists are being used for iNKT activation, we compared NKTT320 to the classic iNKT

agonist, aGC. In a series of time course in vitro stimulation experiments, all parameters of iNKT activation

(CD69, IFNg, TNFa, IL-2 and IL-4) appeared more rapidly and were of greater magnitude after NKTT320 as

compared to aGC stimulation (Figures 2A, S2A, and S2B). Increased IFNg and TNFa secretion, and

increased iNKT polyfunctionality were apparent within 4 h of NKTT320 stimulation (Figures 2A and 2B).

With the exception of IL-4, aGC-stimulated iNKT were able to match responses from NKTT320-stimulated

cells by 48 h (Figure 2A). To determine effects on cytolytic function, we measured surface expression of

CD107a and CD107b on iNKT and NK cells as a marker of degranulation. Following a six- and 13-h

stimulation of PBMC from three macaques with NKTT320 or aGC, low frequencies of CD107a/b-positive

degranulating iNKT were observed at 6-h after NKTT320 stimulation with a further increase at 13 h (Fig-

ure 2C). In contrast, aGC stimulation led to higher frequencies of CD107a/b-positive degranulating

iNKT that were most evident by 13 h after stimulation (Figures 2C and S2C).

In the PBMC stimulation experiments we also looked at the effects of iNKT activation on NK function.

NKTT320 stimulation resulted in an increase in NK activation but not cytolytic function as evidenced by

increased frequencies of CD69-positive and IFNg-secreting NK cells in the absence of NK degranulation

(Figure S2D). The effect of C1Rd/aGC iNKT activation on NK function could not be assessed because

C1R mock cell lines induced robust NK degranulation at levels similar to aGC-pulsed C1Rd cell lines likely

because of recognition of non-self antigen (data not shown).

The differential effects of NKTT320 and aGC may have implications for choice of therapeutic use of NKT

agonists based on purpose. A rapid, polyfunctional immune response such as that induced by NKTT320

might be preferred in situations where the induction of strong humoral and cellular responses is desired,

such as a vaccine adjuvant. On the other hand, NKT agonists like aGC may be a better choice for immuno-

therapy of tumors where cytolytic function is needed.

NKTT320 effect on iNKT killing of CD1d-expressing target cells

Because NKTT320 action relies on antibody binding to the invariant region of the iNKT TCR, it is conceiv-

able that its administration could result in iNKT no longer being able to bind or recognize glycolipid loaded

CD1d-expressing cells, an effect that could abrogate iNKT killing of CD1d-expressing tumor cells or iNKT

engagement with CD1d-expressing antigen-presenting cells. To assess the consequences of NKTT320

binding on the ability of iNKT to kill CD1d-expressing target cells, we performed two additional in vitro ex-

periments; a calcein release kill assay of CD1d-expressing K562 target cell lines by in vitro expanded NKT

cell effectors in the absence or presence of NKTT320; and an ex vivo degranulation assay of PBMC stimu-

lated with aGC-pulsed C1Rd cells to measure apoptosis of C1Rd cells in the absence or presence of

NKTT320.

First, we assessed direct killing by iNKT using a calcein release assay. iNKT of four MCMs were expanded

in vitro by stimulation of PBMCwith aGC-pulsed autologous irradiated PBMC at a 1:1 ratio for 10 days in the

presence of IL-2. Stimulated cultures containing >95% T lymphocytes with 33–65% iNKT (Figure S3A and

data not shown) were rested for 2–3 days with gradual reduction of IL-2 and then co-cultured for 6 h in

the absence or presence of NKTT320 with Calcein AM labeled target cells consisting of aGC-pulsed

A4.4 cells or control CD1d-null K562 cells. A4.4 cells (obtained from Dr Leonid Metelitsa, Baylor College

of Medicine) are K562 cells stably transfected to express CD1d and costimulatory ligands CD86, 4-1BBL

and OX40L and are similar to B-8-2 cells described by Tian et al. (2016). NKT cultures from all four animals

lysed aGC-pulsed A4.4 cells at levels above K562 cells (Figure 3A). NKTT320 pre-incubation resulted in a

20- to 60% inhibition of lysis of aGC-pulsed A4.4 cells by NKT cultures from two animals (NK16 and

NK17) with no inhibition observed in the other two animals (LG06 and NK19) (Figure 3A). The presence

or absence of inhibition did not appear to be dependent on the frequency of iNKT in cultures, nor on

the effector: target (E:T) ratio. Instead, we observed a direct relationship between % inhibition and %

CD8+ iNKT in culture (Figure S3B). iNKT cultures with killing activity unaffected by pre-incubation with
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NKTT320 predominantly contained a mix of CD4+ or CD4+CD8+ double-positive iNKT with few CD8+ iNKT

(data not shown).

We also used the degranulation flow cytometry experiment with ex vivo PBMC from three animals

described earlier (Figure 2C) to measure apoptosis of co-cultured aGC-pulsed C1Rd cells in the absence

or presence of NKTT320 (Figure 3B). Intracellular expression of activated Caspase-3 was used as an

apoptosis marker. C1Rd cells were identified as CD45–HLA-DRhi expressing live cells in the co-cultures (Fig-

ure S3C). Similar to our findings with expanded iNKT cultured cells, aGC stimulation of PBMC from all three

Figure 2. Comparison of iNKT activation by NKTT320 and aGC

(A) Intracellular cytokine staining of PBMCs stimulated with goat-anti-mouse-IgG cross-linked NKTT320 or aGC loaded

on C1Rd cells, harvested and stained at 2, 4, 6, 16, and 48 h. Data on cytokine secretion gated on Va24+ cells. Mean and

SEM shown (n = 2).

(B) SPICE analysis of experiment described in (A) showing kinetic differences in speed, magnitude and co-expression of

cytokines in NKTT320 and aGC stimulated iNKT cells (n = 2).

(C) Flow cytometry data depicting showing frequency of CD107a/b-positive degranulating iNKT in response to medium

or 200 ng/mL NKTT320 (left panel), and C1R/Mock or C1Rd/aGC-pulsed cells after 6 h and 13 h stimulation (n = 3). Data on

three individual animals shown. See also Figure S2
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animals led to apoptosis of co-cultured aGC-pulsed C1Rd cells; however, apoptosis inhibition in the pres-

ence of NKTT320 was only seen in two of three animals (Figure 3B). Interestingly, these were the same two

animals that displayed inhibition of killing in the presence of NKTT320 in the calcein release assay.

We also evaluated activation of putative CD1d-expressing antigen-presenting cells in this experiment. By

gating on CD45+CD3–CD8–HLA-DRhi live leukocytes, a population that would include B-cells, monocytes

and DCs, we observed a variable increase in activated CD69-positive cells within this subset after NKTT320

stimulation in all three animals (Figure S3D). Activation was also seen after stimulation with aGC-pulsed

C1Rd cells; pre-incubation with NKTT320 led to an enhanced effect in one animal LG06 but decrease in

the other two animals NK16 and NK17 (Figure S3D). Although these data suggest the NKTT320-activated

iNKT are able to activate antigen-presenting cells, they do not allow us to parse out cytokine-induced in-

direct effects from direct engagement via iNKT TCR/CD1d interaction.

In all these data indicate that NKTT320 can have a variable inhibitory effect on iNKT recognition of CD1d-

expressing target cells. The biological significance of this effect and its comparison to aGC will require

future in vivo experiments in different therapeutic settings.

NKTT320 pharmacokinetics

After determining the effectiveness and specificity of iNKT activation with NKTT320 in vitro, we set out to

determine the pharmacokinetics of this antibody following in vivo administration. Dose escalation exper-

iments were performed in three groups of MCM administered a single IV dose of NKTT320 at low (100 mg/

kg, n = 5), mid (300 mg/kg, n = 3) and high (1000 mg/kg, n = 3) concentrations. These doses were selected

Figure 3. Killing capacity of NKTT320 activated iNKT

(A) Variable inhibition of specific lysis of aGC-pulsed CD1d-transfected K562 target cells (A4.4) in the absence or presence

of NKTT320 (n = 4). Untransfected K562 targets used as controls. Effectors were iNKT expanded in culture for 10 days by

stimulation with IL-2 and autologous irradiated PBMC pulsed with aGC. Effector to target (E:T) cell ratio and NKT

frequency in culture are shown.

(B) Target cell apoptosis of CD1d-expressing C1R cells (C1Rd) loaded with aGC as measured by activated Caspase-3

expression after 6 h co-culture with PBMC of 3 MCM (NK16, NK17, LG06). In the NKTT320+aGC condition for both A and

B, target cells (NKT lines or PBMC) were pre-incubated with NKTT320 followed by addition to aGC-pulsed targets to

assess any inhibitory effects of NKTT320 on CD1d target cell recognition and killing. See also Figure S3
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based on previously published data of NKTT120 (Scheuplein et al., 2013; Field et al., 2017). No adverse ef-

fects were observed following in vivo NKTT320 administration. Serum AST and ALT levels were transiently

elevated one day after NKTT320 administration (Figure S4). Based on historical control values in normal

cynomolgus macaques housed at the Tulane National Primate Research Center, serum ALT levels did

not fall out of normal reference ranges. Mean AST levels were above the normal reference range at day

1 but returned within normal levels by day 3. Peak serum NKTT320 levels ranging between 5.94 and

77.46 mg/mL were reached within 24 h of a single IV dose (Figure S5A). The iNKT TCR saturation level pre-

viously determined for NKTT120 on a Biacore assay against the immobilized iNKT TCR resulted in a KD of

44nm corresponding to a saturation level of 6 mg/mL (Scheuplein et al., 2013). All NKTT320-treated animals

in the high- and mid-dosing groups reached peak levels above the NKT TCR saturation level (6 mg/mL)

within 30 min of antibody administration while four of five animals in the low dose (100 mg/kg) surpassed

TCR saturation levels within 2 h of administration (Figure S5A).

The kinetics of circulating NKTT320 showed animal to animal variation. Peak NKTT320 serum levels trended

higher in the high dose group but did not reach significance (Figure S5A and data not shown). Plasma

NKTT320 levels declined below detection in all animals 2–6 weeks after treatment, excepting one animal in

the high dose group that maintained detectable serum NKTT320 levels through week 14. NKTT320 plasma

concentrations in the high dose group were used to determine the half-life of NKTT320 (Figure S5B). The calcu-

lated half-life of 6.81 days or 163.2 h after administration is less than the half-life of NKTT120 but consistent with

variation in plasma clearance of human IgG antibodies in NHPs (Scheuplein et al., 2013; Newman et al., 2001).

One multiply dosed animal with successive NKTT320 doses administered at two-week intervals (dose 1 =

30 mg/kg, dose 2 = 100 mg/kg and dose 3 = 100 mg/kg) reached the 6 mg/mL NKT TCR saturation level only

after the second and third dose indicating that the first dose was not sufficient to surpass TCR saturation

(data not shown). Multiple doses were additive in this animal and again peaked within 24 h after each

administration (data not shown). These limited data suggest that doses above 30 mg/kg NKTT320 are

needed for TCR saturation.

NKTT320 effect on iNKT after in vivo administration

Wemonitored in vivo changes in iNKT and non-iNKT (Va24–) T-lymphocytes from 30min onwards following

a single intravenous dose of NKTT320 (Figures 4A, 4B, S5C, and S5D). Similar to in vitro stimulation (Figures

1A–1D),in vivo NKTT320 resulted in downregulation of Va24 TCR and CD1dTM-positive iNKT-cells within

24 h of administration (Figure S5C). Because NKTT320 binds to the invariant region of the NKT TCR, the

decrease in CD1dTM-positive iNKT could represent a ‘masking’ effect. However, the attendant downregu-

lation of Va24 TCR and CD3 (data not shown) indicates that the decline in detectable Va24/CD1dTM co-

expressing iNKT following NKTT320 administration was also a result of in vivo NKT activation. Because

of the loss of visualization of Va24+CD1dTM+ iNKT we also enumerated total Va24+ T-lymphocytes to

monitor changes in circulating iNKT frequency after NKTT320 administration (Figure S5D).

Both Va24/CD1dTM co-staining iNKT and total Va24+ T-lymphocyte frequencies declined significantly af-

ter NKTT320 administration (Figure S5D). While Va24/CD1dTM co-staining iNKT frequency was reduced by

day 1 and remained significantly lower than baseline through week 14 (p < 0.05 at all sampled time-points),

a significant decline in total Va24+ T-lymphocyte frequency was only observed for one week after NKTT320

administration. The decline in Va24+CD1dTM+ iNKT, likely the result of a masking effect, persisted well

beyond the time that serum NKTT320 levels were undetectable. This may mean that iNKT-bound

NKTT320 undetectable in the blood is slowly released in the tissues and continues to activate iNKT.

Monitoring of HLA-DR and CD69 surface expression revealed rapid, sustained iNKT-specific activation

without general T-lymphocyte activation following NKTT320 administration (Figure 4A). By 30 min, iNKT

were significantly activated above baseline levels (p = 0.0156) while non-iNKT (Va24–) T-lymphocytes

were not activated. iNKT then remained significantly activated for 6 weeks after treatment. Non-iNKT T-

lymphocytes showed a transient significant increase in HLA-DR or CD69 expression after NKTT320 treat-

ment. Activation levels of circulating iNKT remained significantly above non-iNKT T-lymphocytes starting

within 30 min of NKTT320 administration (p = 0.0039) and persisted for at least 14 weeks (p = 0.0391).

To distinguish responses of iNKT subsets, we investigated differences in CD8– and CD8+ iNKT activation.

Both subsets were significantly activated within 30 min of NKTT320 administration; while CD8– iNKT
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remained significantly activated through week six after treatment, increased CD8+ iNKT activation lasted

two weeks (Figure 4B). In contrast to in vitro data, circulating CD8– iNKT were significantly more activated

compared to CD8+ iNKT pre- and after NKTT320 administration (p < 0.01).

NKTT320 rapidly modulates T-lymphocyte function

Central to investigation of NKTT320’s utility as an adjuvant is its effect on other immune cell subsets. We

used intracellular cytokine staining (ICS) flow cytometry to evaluate NKTT320-induced functional changes

in mitogen responsiveness of iNKT and non-iNKT T-lymphocytes at discrete time-points after IV NKTT320

administration. Increased responsiveness of iNKT to overnight PMA/ionomycin stimulation was observed

within 30 min of NKTT320 administration (Figures 4C and 4D). A significant increase in IL-2 secretion

detected at 30 min after NKTT320 was sustained through day 14 after treatment. Likewise, IL-4 was

significantly upregulated within 2 h of NKTT320 treatment. Significant increases in IFNg and TNFa were

observed day 3 onwards. Increased responsiveness to mitogen stimulation was also observed in Va24–

‘‘non-iNKT’’ T-lymphocytes but at a later onset suggesting downstream activation of other T-lymphocyte

subsets. The increase in cytokine production in both iNKT and non-NKT T-lymphocytes mainly originated

from CD4+ T lymphocytes (Figure S6A and data not shown).

NKTT320 also rapidly increased iNKT polyfunctionality; by day 1, over 50% of responding iNKT secreted

two or more cytokines on mitogen stimulation (Figures 4D and S6B). Despite TCR downregulation, a

discernable iNKT population was visible at early time-points after NKTT320 administration in most animals

to allow evaluation of its function by flow cytometry (Figure S6C). Increased polyfunctionality was less

evident in the non-NKT T-lymphocytes. Overall, iNKT were activated rapidly in response to NKTT320 treat-

ment and appear to have also induced changes in the functional potential of non-iNKT T-lymphocytes.

In vivo iNKT activation results in rapid activation of the innate and adaptive immune system

The ability to modulate innate and adaptive immune responses is crucial when identifying promising

immune modulatory tools and vaccine adjuvants. To assess the effect on the host immune response we

longitudinally measured plasma analytes by Luminex, and monitored changes in immune cell frequency,

phenotype and function by flow cytometry after in vivo administration of NKTT320.

A significant increase in 21 plasma analytes was detected in the first 72 h of NKTT320 administration (Fig-

ure 5A, Table S1). Plasma CCL2, CXCL10 and IL-6 were elevated within 30 min reaching peak levels in the

first 2 h (Figure 5B). Significantly elevated analytes that peaked in the first 24 h included cytokines and che-

mokines that likely originated from iNKT (IL-2, IL-4, IL-5, IL-6, IL-10, CCL4, CCL5) and from downstream acti-

vation of dendritic cells and monocytes/macrophages (IL-12, IL-1b, IL-1RA, CXCL8, CXCL9-11, IL-6, CCL2,

CCL22). Interestingly, IFNg, TNFa and GM-CSF peaked later at 72 h (Table S1) suggesting iNKT and non-

iNKT sources such as NK cells and other T-lymphocytes. Of note, the increase in plasma analytes corre-

sponded temporally to the peak of plasma NKTT320 and iNKT-specific activation. The early response

was indicative of rapid activation of the innate immune system and included proinflammatory analytes

as well as several chemo-attractants crucial for immune cell recruitment of monocytes, granulocytes, NK

cells and activated T-lymphocytes (Bromley et al., 2008; Deshmane et al., 2009).

Consistent with the Luminex data, flow cytometry revealed significant changes in circulating monocytes

and B-lymphocytes (Figures 5C and 5D). A significant increase in CD14+ monocytes detected at day 1 after

NKTT320 treatment had declined to baseline levels by week 6 (Figure 5C). Increased levels of proliferating

CD20+ B-lymphocytes as measured by Ki67 were detected beginning at day 1 (p = 0.0156) and intermit-

tently thereafter (Figure 5D). These data are consistent with downstream effects of iNKT activation on other

immune cell populations. The broad range of cytokines, chemokines and growth factors detected in

Figure 4. In vivo iNKT activation modulates functionality of T cellsubsets

(A) Mean HLA-DR and CD69 expression in iNKT versus non-iNKT-T. (B) iNKT CD8�vs iNKT CD8+ in animals treated in vivo with NKTT320 (n = 9). Error bars

show SEM.

(B) Paired t tests were used to determine statistical significance of increased activation of total iNKT or Va24- T (A), and CD8+ or CD8�iNKT (B) compared to

their respective baseline values. * <0.05. Error bars show SEM.

(C) Mean cytokine expression in iNKTs and Non-iNKT Ts measured by intracellular cytokine staining following overnight PMA/ionomycin stimulation.

Samples were taken at day 0 and 30 min, 2 h, day 1, 4, 7, 14. Data in n = 4 MCM. Significance compared to baseline is indicated by an asterisk and was

determined by paired parametric t test. *<0.05, **<0.01. Error bars show SEM.

(D) SPICE analysis of iNKT vs Non-iNKT T cells indicating cytokine co-expression after stimulation with PMA/ionomycin (n = 4). See also Figures S4–S6
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response to NKTT320 treatment underscores its ability to rapidly activate the innate immune system and

potentially be an immunomodulatory tool.

RNA-seq analysis of effects of in vivo NKTT320

To further investigate host immune modulation by NKTT320, we performed bulk RNA-Seq analysis on

frozen unfractionated PBMC collected at 0, 30 min, 2 h, and 24 h time-points after NKTT320 administration

in four MCMwith iNKT frequencies ranging between 0.018 and 9.56% of circulating T-lymphocytes (Figures

6, 7, and S7). RNA-Seq analysis revealed significant sequential differential gene expression following

Figure 5. NKTT320 rapidly induces functional and bystander changes in vivo

(A) Analytes significantly upregulated after NKTT320 treatment in vivomeasured by plasma Luminex at baseline and peak

(n = 12). Mean and SEM are shown. *<0.05, **<0.01, ***<0.001.

(B) Ex vivo plasma Luminex kinetics after NKTT320 for IL-6, CCL2, and CXCL10 in seven animals from a single Luminex run.

(C) Monocyte frequency shown as percentage of CD3� HLA-DRhi lymphocytes. Representative plots show an increase in

circulating monocytes on day 1 compared to day 0. Mean and SEM are shown.

(D) B-cell proliferation measured by Ki67 expression on CD20+ B-cells. Representative plots show increases in B-cell Ki67

expression at day 1 after NKTT320 administration. Mean and SEM are shown. Significant differences from baseline were

determined through non-parametric Wilcoxon signed-rank test (n = 9 MCM). See also Table S1
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NKTT320 treatment. At 30 min after NKTT320, there were 104 unique genes differentially expressed,

followed by 244 and 740 genes at 2 and 24 h, respectively (Figure 6A, Table S2). Volcano plots showed sig-

nificant changes in several genes. Notably, the scavenger receptor CD163 exclusively expressed on mono-

cytes and macrophages (Moestrup and Moller, 2004), was significantly upregulated as early as 30 min and

sustained through 24 h (Figures 6B and 6C). Concomitantly, CD83 and TNF-Alpha-Induced Protein 3

(TNFAIP3) were significantly downregulated at 24 h (Figure 6B). CD83, a member of the immunoglobulin

(Ig) superfamily expressed on mature DCs can regulate inflammation by suppressing IL-12 and MCP-1 pro-

duction (Bates et al., 2015). Downregulation of TNFAIP3 or A20, an inhibitor of TCR signaling and NF-kB

activation (Das et al., 2018) was consistent with promotion of an inflammatory response.

Targeted analysis of differentially expressed genes showed elevation of several lymphoid genes related to

monocytes, granulocytes, B-cells, T-cells and NK-cells as early as 30 min after NKTT320 administration

Figure 6. RNA-seq analysis reveals rapid differential gene expression

(A) Venn diagram showing differentially expressed genes where p value <0.05 at 30 min, 2 h and 24 h.

(B) Volcano plots of all genes showing kinetic increases in transcriptomic changes over time.

(C) Heatmaps showing differential expression (log2 fold change) for targeted genes where p value <0.05 related to B-cell,

cytotoxic, lymphoid and inflammatory pathways. See also Figure S7 and Table S2
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(Figure 6C). Notable among these were upregulation of the following genes: the low affinity inhibitory Fc

gamma receptor FCGR2B involved in regulation of antibody production by B-cells and modulation of anti-

body-dependent effector function of myeloid cells (Nimmerjahn and Ravetch, 2008); Fc fragment of IgA re-

ceptor FCAR present on myeloid lineage cells and mediating phagocytosis and ADCC (Monteiro and Van

de Winkel, 2003); C-type lectin-like receptor CLEC1B expressed on NK cells (Huysamen and Brown, 2009);

CD14, CD163 expressed on monocytes and macrophages; IL-13 receptor alpha-1 chain (IL13RA1) involved

in activation of JAK1, STAT3 and STAT6 induced by IL13 and IL4 (McCormick and Heller, 2015); the MCP-1

receptor CCR2 mediating monocyte chemotaxis (Deshmane et al., 2009); CD40 ligand (CD40L) expressed

on iNKT and T-cells promoting DC-iNKT interactions and regulating B-cell function through CD4 help

(Brennan et al., 2013); colony stimulating factor 3 (CSF3R) or G-CSF receptor controlling granulocyte matu-

ration and function (Ward, 2007); and N-formyl peptide receptors (FPR1, FPR3) that are powerful neutrophil

chemotactic factors (Dahlgren et al., 2020). Several inflammation-related and pattern-recognition receptor

genes were elevated. These included IL1R1; extracellular and cytosolic receptors for bacterial flagellin,

namely toll-like receptor 5 (TLR5), and neuronal apoptosis inhibitory protein NAIP that also acts as the

sensor component of the NLRC4 inflammasome and promotes caspase-1 activation (Zhao and Shao,

2015); the carbohydrate sensing innate immune recognition ficolin FCN1 expressed in monocytes (Gout

et al., 2010); and the C-type lectin receptor CLEC4E orMINCLE expressed onmacrophages that recognizes

fungal and mycobacterial ligands (Furukawa et al., 2013). Upregulation of the chemokine receptor genes

CCR2 and CCR1 was concordant with elevated plasma levels of their respective ligands, CCL2 and MIP-

1a, after NKTT320 administration (Figure 6 and Table S1). Overall, upregulation of these genes was indic-

ative of a broad stimulation of the innate immune system with facilitation of antigen presentation function.

Simultaneously an immune downmodulation effect of NKTT320 was evident by upregulation of several im-

mune inhibitory and inflammation suppressive genes (Figure 6). These included the T-lymphocyte inhibitor

PD-1 ligand 1 (CD274) (Freeman et al., 2000); the arginine metabolism enzyme ARG2 that can regulate

inflammation and immunity (Asosingh et al., 2020; McGovern et al., 2017; Geiger et al., 2016; Dowling

et al., 2021); the potent mitigator of inflammation, nucleotide-binding oligomerization domain protein

NLRP12 that acts as a negative regulator of NF-kB and promotes degradation of NOD (Normand et al.,

2018); the chemerin chemokine-like receptor CMKLR1 which binds the endogenous lipidmediator Resolvin

E1 and actively regulates resolution of acute inflammation (Ohira et al., 2010), the suppressor of cytokine

signaling SOCS3 involved in the negative regulation of cytokines such as IL6 that signal through the

JAK/STAT pathway (Heinrich et al., 1998), and ROR1 that can inhibit the Wnt3a-mediated signaling

pathway (Bainbridge et al., 2014). These data point to an inflammation suppressive effect of NKTT320-

mediated iNKT activation acting in concert with activation of B-cells, monocytes, dendritic cells, and T-

helper pathways. It is noteworthy that both activating and suppressive effects were detected in the first

24 h of NKTT320 administration. The inhibitory signals may reflect a feedback loop following initial

activation.

Downregulation of genes such as PRF1, NCR1, GNLY, GZMB, GZMH, CD244 associated with T-lymphocyte

and NK cytotoxicity (Figure 6) was unexpected due to the functional evidence for T-lymphocyte activation.

Of these, CD244 or 2B4, which belongs to the signaling lymphocyte activation molecule (SLAM)-receptor

family and is expressed on NK cells, as well as on some T cells, monocytes and basophils, can serve as both

an activating and inhibitory receptor (Eissmann et al., 2005).

We followed the targeted gene analysis with an unbiased analysis of differentially expressed genes after

NKTT320 administration (Figure 7). Using Gene Set Enrichment Analysis against four pathway databases,

an aggregate of 201, 332, and 423 enriched pathways were detected at 30 min, 2 and 24 h respectively after

NKTT320 administration (Tables S3 and S4). Normalized enrichment scores of 10 biological pathways

related to NKT-lymphocytes that were significantly altered on NKTT320 administration along with heat-

maps of genes in these pathways reaching a significant threshold are shown (Figures 7A and 7B). Because

Figure 7. Biological pathways related to NKT cells are enriched upon anti-NKT antibody administration

(A). Normalized enrichment scores (NES) of relevant NKT-related pathways selected from an unbiased gene set enrichment analysis (GSEA). Color ramp

represents NES significance defined by a Fisher Exact test. Dot size represents ‘setSize’, or number of genes contained within an a priori-defined biological

pathway.

(B) Composite heatmap of genes meeting a significance threshold (p < 0.05) at 30 min-, 2 h-, and 1 day after NKT-antibody administration that are contained

within significantly enriched pathways depicted in (A). Rows are scaled by z-score-normalized expression.

(C) Heatmap of genes within the GO pathway ‘‘scavenger receptor activity’’. See also Figure S7, Tables S3, and S4
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of CD163 upregulation and upregulation of genes involved in phagocytosis we also evaluated genes in the

scavenger receptor activity pathway (Figure 7C).

Several genes from the inflammatory response, heme metabolism, neutrophil degranulation, IL-6/JAK/

STAT3, and PI3K/AKT pathways were increased within 24 h of NKTT320 (Figure 7B). Among the upregu-

lated genes, elevation of the CLEC9A gene in the carbohydrate binding pathway was noteworthy. Target-

ing antigens to the C-type lectin CLEC9A on DCs can induce strong humoral immunity and T follicular help-

er responses independent of adjuvant and is being explored as a vaccine strategy (Caminschi et al., 2008;

Cueto et al., 2019). Upregulation of the heme metabolism pathway SDCBP gene encoding the syndecan

binding protein or syntenin-1 is interesting as it regulates TGFb1-mediated downstream activation

(Hwangbo et al., 2016).

Downregulated genes in the pathway analysis included the cyclin family gene CCND3, platelet-derived

growth factor PDGFB, PIK3CB, and LPAR1, a member of the G protein-coupled receptor superfamily

with diverse biological functions including proliferation and chemotaxis. The functional effects of genes

that were downregulated appeared to be both pro-activation as well as anti-inflammatory. Several of

the downregulated genes in the TNFA signaling pathway were inhibitors of NF-kB activation and it is likely

that their suppression would lead to increased activation. Examples include suppression of TNFAIP3 and

ZC3H12A, an IL-1-inducible gene encoding the monocyte chemotactic protein-1-induced protein-1

(MCPIP1), that acts as a transcriptional activator but also suppresses NF-kB activation (Jura et al., 2012).

Similarly, suppression of the sphingosine kinase one gene (SPHK1) has been shown to potentiate induction

of RANTES (Adada et al., 2013). The clock gene PER1 regulates proinflammatory mediators, and its sup-

pression can lead to increased CCL2 and IL6 (Sugimoto et al., 2014). On the other hand, downregulation

of PIK3CB or PI-3 kinase subunit beta in the PI3K/AKT pathway can be instrumental in suppressing inflam-

mation by prevention of AKT phosphorylation and inducing FOXO activation (Finlay and Cantrell, 2011).

iNKT maintain proliferative ability and avoid anergy following NKTT320 treatment

One hurdle to therapeuticmodalities of in vivo iNKT activation fromdata inmice is the induction of iNKT anergy.

Administration of soluble aGC in vivo results in rapid iNKT activation followed by subsequent iNKT anergy in

response to further stimulation (Parekh et al., 2005). To test whether in vivoNKTT320 treatment induces anergy

in macaques, we performed in vitro proliferation assays in PBMC from NKTT320-treated animals, measuring

Ki67 and BrdU double-positive cells after a 6-day stimulation with aGC. iNKT of animals that had received

NKTT320 did not display anergy. On the contrary they were more responsive to in vitro aGC stimulation and

showed increased proliferation compared to a pre-NKTT320 time-point (Figure S8A). Furthermore, iNKT-cells

continued to expand in culture on aGC stimulation pre- and after NKTT320 treatment providing further evi-

dence that the monoclonal antibody does not induce iNKT anergy (Figure S8B). The increased in vitro iNKT

expansion was specific to aGC stimulation and not seen with other stimuli (Figure S8B). These results were

reproducible at day 1 after NKTT320 in three of five animals assessed by proliferation assays (data not shown).

We saw a comparable or greater increase in plasma IL1RA, IL-6 and MCP-1 after a second dose of NKTT320,

providing further evidence for absence of anergy (Figure 8A). In one multiply dosed animal, iNKT proliferative

ability temporally followed increases in NKTT320 plasma concentration after each dose (Figure 8B).

Increased iNKT response in adipose tissue after NKTT320 administration

Our observations on the effect of NKTT320 were thus far confined to the examination of peripheral blood

where we did not detect an increase in iNKT frequency. To investigate trafficking or effect on tissue iNKT,

we examined iNKT frequency pre-and 14 days after NKTT320 administration in lymph node (LN), bone

marrow (BM), bronchoalveolar lavage (BAL), rectal mucosa (REC) and adipose tissue in a subset of animals.

Adipose tissue is known to be a site of iNKT localization in humans (Lynch, 2014). Interestingly, we observed

an increased frequency of adipose iNKT after NKTT320 treatment while iNKT frequency at other tissue sites

was unchanged (Figures 8C and 8D). This suggests that either adipose-resident iNKT proliferate in

response to NKTT320 treatment or iNKT are trafficking to adipose tissue following NKTT320 treatment.

Further studies such as direct assessment of adipose iNKT for expression of Ki67 are needed to determine

whether iNKT proliferate locally in response to NKTT320 treatment.

In preliminary studies, we were able to compare the cytokine-secreting function of mitogen-stimulated ad-

ipose and PBMC iNKT by flow cytometry at pre- and after NKTT320 treatment time-points in n = 4 and n = 2

animals, respectively. Adipose iNKT were distinct from PBMC iNKT in having higher frequencies of
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IL-2- and IL-4-secreting cells (Figure S9A). Adipose iNKT were also more polyfunctional compared to PBMC

iNKT with over 30% of cells secreting three or more cytokines compared to less than 5% of PBMC iNKT (Fig-

ure S9A). These differences continued to be observed at two weeks after NKTT320 treatment (Figure S9B)

suggesting that iNKT in the adipose are distinct from circulating iNKT. However, because these data are

both preliminary and limited, further studies are needed to conclusively define differences in adipose

and PBMC iNKT in the context of NKTT320.

Figure 8. iNKTs retain proliferative capacity and traffic to adipose tissue after NKTT320 indicating a lack of NKT

anergy

(A) Ex vivo plasma luminex data from animals that received 2 doses of NKTT320 (n = 4). Mean and SEM shown.

(B) iNKT proliferation measured as BrdU + Ki67 + double-positives by flow cytometry. Proliferation data is compared to

plasma NKTT320 concentration measured by NKTT320 ELISA. Vertical lines indicate the time and concentration of each

dose. Horizontal line indicates baseline iNKT proliferation. Vertical lines indicate timing of dosing. Data in one multiply

dosed MCM.

(C) Representative plots of iNKT frequency pre and post NKTT320 treatment in white adipose and PBMC.

(D) iNKT frequency in tissues and PBMC pre and 14 days after NKTT320 treatment (n = 3). Paired t test, **<0.01. ‘PBMC-

peripheral blood mononuclear cells; ‘BAL’-bronchoalveolar lavage; ‘BM’-bone marrow; ‘LN’-lymph node; ‘REC’-rectal

mucosa. Mean and SEM is shown. See also Figures S8 and S9
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DISCUSSION

This study is the first demonstration of sustained in vivo iNKT activation using the iNKT-activating humanized

monoclonal antibody, NKTT320, that selectively binds with high affinity to the invariant NKT TCR in humans

(Patel et al., 2020). We used the non-human primate model of MCM to extensively characterize the in vitro

and in vivo effects of NKTT320 and assess its utility as an immunomodulatory tool. In vitro, NKTT320 showed

dose-dependent iNKT-specific activation and increased cytokine production. In vivo, a single intravenous inoc-

ulation of NKTT320was sufficient to rapidly induce iNKT activation that was sustained for up to 6 weeks without

causing anergy. In vivo NKTT320-induced iNKT activation was associated with downstream activation of non-

NKT immune cell subsets and iNKT trafficking to or proliferation within adipose tissue. Even though iNKT ac-

counted for only 0.018–10.4% of circulating T-lymphocytes at baseline, iNKT activation had a profound ampli-

fication effect because of downstream effects on a wide range of immune cells. Our findings on in vivo iNKT

activation and downstream effects on CD4+ T-lymphocytes, monocytes, dendritic cells and B cells, make

NKTT320 a promising candidate for immunotherapy with translational potential.

In vivoNKTT320 administration led to iNKT-specific activation within 30 min of administration and was accom-

panied by increased iNKT polyfunctionality with Th1 and Th2 cytokine secretion, increased proliferative capac-

ity and increased adipose tissue iNKT. A greater stimulatory effect on CD4+ iNKT was observed as they were

the major source of the cytokines contributing to increased polyfunctionality in mitogen-stimulated iNKT. An

increase in IL-2 and IL-4 was followed by IFNg and TNFa production. IL-2 and IL-4 are both known to regulate

and promote T cell differentiation into Th1 and Th2, respectively. In addition, lymph node iNKT secreting IL-4

were recently shown to be a keymediator of humoral immunity, improvingB-cell maturation anddifferentiation

as well as antibody class switching (Gaya et al., 2018; Lee et al., 2015). Early increases in iNKT function were

followed from day 3 onwards by increased cytokine secretion from non-iNKT T-lymphocytes, most notably

IL-2, IL-17 and IL-22. Induction of Th17/Th22 cytokines is of particular interest in the context of HIV infection

as they are known to play a major role in maintaining gut mucosal integrity.

NKTT320-induced activation had features that were distinct from glycolipid iNKT agonists. While NKTT320

activated iNKT within 2 h of stimulation and reached peak response levels by 16 h, aGC stimulation was slower

to catch up requiring 48 h to reach comparable levels. In addition, NKTT320 resulted in a broader Th1 and Th2

response without significant degranulation whereas aGC skewed toward Th1 and iNKT degranulation. Few

in vivo studies of iNKT activation using aGC in humans and macaques have described functional changes

by ICS in response to mitogen stimulation. When described, increases in Th1 cytokine production, primarily

IFNg were reported (Fernandez et al., 2013). Although synthetic sphingolipid NKT agonists that drive Th2 re-

sponses are available (Bricard et al., 2010), NKTT320may be advantageous because it fosters an environment of

increased responsiveness directing polyfunctional responses to specific stimuli without the need for structural

modifications. Because NKTT320 binds to the iNKT TCR, it may affect the ability of activated iNKT to engage

with CD1d-expressing antigen-presenting cells or tumor target cells. Indeed, our in vitro experiments showed a

partial inhibitory effect of NKTT320 on iNKT killing of CD1d-expressing target cells in some animals. Whether

this property would impact induction of antigen-specific CD8+T cell responses remains to be determined.

Future in vivo studies are needed to compare the relative efficacy of NKTT320 over sphingolipid agonists as

a vaccine adjuvant or as an immunotherapeutic tool in anti-tumor therapy. Because NKTT320 does not rely

on CD1d-mediated antigen presentation for iNKT activation, this could be an advantage in disease settings

such as HIV infection associated with CD1d downregulation (Chen et al., 2006; Moll et al., 2010).

Circulating iNKT frequencies were transiently reduced after NKTT320, consistent with previous studies of

in vivo iNKT activation using aGC in pig-tailed macaques and humans (Fernandez et al., 2013; Giaccone

et al., 2002; Woltman et al., 2009). It is important to consider that the decrease in circulating iNKT frequency

could be the result of a masking effect because of NKTT320 binding to the same site as CD1dTM, or to

activation and subsequent downregulation of the iNKT TCR rendering it difficult to detect iNKT. Another

explanation is that iNKT trafficking to tissue effector sites after activation could also transiently decrease

the frequency of circulating iNKT. Our observation of elevated iNKT frequencies in adipose tissue following

NKTT320 treatment suggests this possibility. This is an interesting finding as adipose tissue has been

recently recognized as an inflammatory site with significant involvement in metabolic syndromes (Saltiel

and Olefsky, 2017). In addition, adipose tissue is a known site of HIV/SIV reservoir (Damouche et al.,

2015). iNKT are known HIV/SIV targets (Motsinger et al., 2002) and may be depleted early in infection

rendering them less amenable to NKTT320-mediated manipulation of the adipose tissue HIV reservoir.

Further investigation of the tissue effects of NKTT320 is warranted.
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Because of the unique regulatory function of iNKT-cells, iNKT activation influences downstream immune cells.

Through multiple lines of evidence based on flow cytometry, Luminex and RNA-Seq data, we show profound

and broad effects of NKTT320 on the innate and adaptive immune system, particularly on monocytes/macro-

phages. Increased levels of plasma IL-6, CCL2 and CXCL10 were detected as early as 30 min after NKTT320

antibody administration. A significant increase in circulating CD14+ monocyte frequency was observed at

day 1 along with rapid upregulation of CD14, CD163 and CLEC4E gene expression within 30 min of antibody

administration. In addition, CCR2 (present on activated macrophages) gene expression was significantly upre-

gulated at 2 h in concert with significantly elevated plasma levels of its ligandCCL2. These data point to a rapid

release of proinflammatory cytokines and chemokines along with mobilization of monocytes and activated

macrophages initiated by NKTT320 administration. The downstream effects of NKTT320-mediated iNKT acti-

vation also included release of chemo-attractants involved in the recruitment of granulocytes, NK cells, and T-

lymphocytes to sites of inflammation. Increase in chemokines involved in granulocyte recruitment included

CCL11 (eotaxin) for eosinophil recruitment; CXCL8 (IL8) for neutrophil recruitment; CCL2 (MCP1) chemoattrac-

tant for basophils and monocytes; CXCL9-11 for chemoattraction of Th1 CXCR3-expressing T-cells to inflam-

matory sites; and CCL22 (MDC) chemoattractant for monocytes, DC, NK and T-lymphocytes (Bromley et al.,

2008). Surprisingly, several genes in the IFNg and TNFa signaling pathways and cytotoxic related genes

were downregulated despite evidence of elevated plasma TNFa and IFNg by Luminex. Although unexpected,

the transcriptomics data represented a snapshot of the first 24 h whereas in the Luminex we saw plasma levels

of TNF-a and IFN-g peak only at 72 h. Moreover, mRNA and protein expression levels are often discordant for

the same time-point during dynamic transitions, as was the case in the first 24 h of NKTT320 administration

which likely explains differences in Luminex and RNA-Seq data (Liu et al., 2016).

Several pattern recognition receptor genes expressed on dendritic cells andmonocyte/macrophages were

modulated by NKTT320. Notable among them was the C-lectin type receptor CLEC9a which has been

shown to efficiently induce humoral immunity and a T follicular helper response when used to present an-

tigen to B-cells (Caminschi et al., 2008; Kato et al., 2015). In addition, TLR5, a ubiquitous pathogen recog-

nition marker, and NAIP involved in bacterial flagellin recognition were upregulated. CD40 ligand (CD40L)

gene expression was also upregulated likely on NKT and other CD4+ T-lymphocytes. A major pathway by

which NKT promote DC/APC maturation is by upregulation of CD40L providing co-stimulation to DCs via

CD40L and IFNg, TNFa (Brennan et al., 2013). NKT licensing of DCs for antigen cross-presentation can

determine the type of the immune response. These data underscore the effect of NKTT320 on APCs which

could lead to improved antigen presentation and potentiation of cellular immunity. In vivo NKTT320 treat-

ment also had downstream effects on B-cells suggesting synergistic effects that likely improve humoral im-

munity. Definitive determination of the effect of in vivoNKTT320 treatment on modulating antigen-specific

cellular and humoral immunity awaits future vaccine studies in the absence and presence of NKTT320.

Interestingly, our data show the potential of NKTT320 to modulate both inflammatory and anti-inflamma-

tory responses. As illustrated in the schematic (Figure 9), side-by-side with activation, NKTT320 triggered

several genes encoding markers of resolution of inflammation. Most prominent of the upregulated genes

included the inflammation resolution genes NLRP12 and CMKLR1 (Fullerton and Gilroy, 2016; Ohira et al.,

2010), the metabolic regulator ARG-2 (Dowling et al., 2021), and the inhibitory receptors FCGR2B and PD-

L1 (Nimmerjahn and Ravetch, 2008; Freeman et al., 2000). In all, the concordant immune activation and anti-

inflammatory responses induced by NKTT320 may mean that there is a potential in vivo for eliciting potent

inflammatory responses without excessive or non-resolving immune activation. This remains to be tested in

both long-term studies and in the context of vaccination or infection.

In summary, the current studies detailed here investigate the use of NKTT320, an iNKT-specific humanized

monoclonal antibody, for in vivo iNKT activation for the first time in the NHP model. We found, through

multiple modes of investigation, that this antibody directly affects iNKT without inducing anergy and sub-

sequently transactivates other immune subsets, most strikingly monocytes and macrophages. In vivo

NKTT320 administration induces potent functional changes in both T cell and non T cell subsets that

may influence both innate and adaptive immunity. It also triggers a balanced immune response with induc-

tion of anti-inflammatory responses to balance immune activation. The long half-life of NKTT320 as well as

detection of effects on iNKT functionality well beyond the duration of detectable plasma NKTT320 indi-

cates that this therapeutic modality would be feasible in human studies or in a translational setting.

NKTT320 is a promising iNKT activating agent with translational potential that should be studied further

for efficacy as a vaccine adjuvant and immunotherapeutic tool.
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Limitations of the study

The present study provides the first comprehensive characterization of the in vivo effects of a human-

ized NKT-activating monoclonal antibody and raises the possibility of its utility as an immunotherapeutic

agent and vaccine adjuvant. The main limitation of the current study is the lack of direct comparison of

the in vivo effects of NKTT320 and the prototypical sphingolipid agonist aGC in our non-human primate

model. The absence of vaccine experiments to demonstrate NKTT320’s effect on potentiation of

antigen-specific humoral and cellular immunity is another limitation to conclusions regarding poten-

tial adjuvant role of NKTT320. Future studies on NKTT320 in the context of vaccination are

needed to assess its potential as an adjuvant. In addition, further studies are needed to understand

the biologic effects of NKTT320 on direct iNKT TCR interactions with CD1d-expressing APCs and target

cells, and its impact on induction of antigen-specific CD8+T cell and antibody responses and tumor

killing. Despite these limitations, the data presented in this study lays the necessary groundwork for

future comparative studies to investigate the utility of NKTT320 as an immunotherapeutic tool for in vivo

NKT manipulation.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:
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D., Singh, A.K., Wu, L., Wang, C.R., Joyce, S., and
Van Kaer, L. (2005). Glycolipid antigen induces
long-term natural killer T cell anergy in mice.
J. Clin. Invest. 115, 2572–2583.

Patel, N.P., Guan, P., Bahal, D., Hashem, T.,
Scheuplein, F., Schaub, R., Nichols, K.E., and Das,
R. (2020). Cancer immunotherapeutic potential of
NKTT320, a novel, invariant, natural killer T cell-
activating, humanized monoclonal antibody. Int.
J. Mol. Sci. 21, 4317.

Reddy, M.P., Kinney, C.A., Chaikin, M.A., Payne,
A., Fishman-Lobell, J., Tsui, P., Dal Monte, P.R.,
Doyle, M.L., Brigham-Burke, M.R., Anderson, D.,
et al. (2000). Elimination of Fc receptor-
dependent effector functions of a modified IgG4
monoclonal antibody to human CD4. J. Immunol.
164, 1925–1933.

Robinson, M.D., Mccarthy, D.J., and Smyth, G.K.
(2010). edgeR: a bioconductor package for
differential expression analysis of digital gene
expression data. Bioinformatics 26, 139–140.

Roederer, M., Nozzi, J.L., and Nason, M.C. (2011).
SPICE: exploration and analysis of post-
cytometric complex multivariate datasets.
Cytometry 79, 167–174.

Rout, N., Else, J.G., Yue, S., Connole, M., Exley,
M.A., and Kaur, A. (2010). Paucity of CD4+ natural
killer T (NKT) lymphocytes in sooty mangabeys is
associated with lack of NKT cell depletion after
SIV infection. PLoS ONE 5, e9787.

Rout, N., Greene, J., Yue, S., O’connor, D.,
Johnson, R.P., Else, J.G., Exley, M.A., and Kaur, A.
(2012). Loss of effector and anti-inflammatory
natural killer T lymphocyte function in pathogenic
simian immunodeficiency virus infection. PLoS
Pathog. 8, e1002928.

Saltiel, A.R., and Olefsky, J.M. (2017).
Inflammatory mechanisms linking obesity and
metabolic disease. J. Clin. Invest. 127, 1–4.

Scheuplein, F., Thariath, A., Macdonald, S.,
Truneh, A., Mashal, R., and Schaub, R. (2013). A
humanized monoclonal antibody specific for
invariant natural killer T (iNKT) cells for in vivo
depletion. PLoS ONE 8, e76692.

Schmieder, R., and Edwards, R. (2011). Quality
control and preprocessing of metagenomic
datasets. Bioinformatics 27, 863–864.

Silk, J.D., Hermans, I.F., Gileadi, U., Chong, T.W.,
Shepherd, D., Salio, M., Mathew, B., Schmidt,
R.R., Lunt, S.J., Williams, K.J., et al. (2004).
Utilizing the adjuvant properties of CD1d-
dependent NK T cells in T cell-mediated
immunotherapy. J. Clin. Invest. 114, 1800–1811.

Somanchi, S.S., Mcculley, K.J., Somanchi, A.,
Chan, L.L., and Lee, D.A. (2015). A novel method
for assessment of natural killer cell cytotoxicity
using image cytometry. PLoS ONE 10, e0141074.

Stober, D., Jomantaite, I., Schirmbeck, R., and
Reimann, J. (2003). NKT cells provide help for
dendritic cell-dependent priming of MHC class I-
restricted CD8+ T cells in vivo. J. Immunol. 170,
2540–2548.

Subramanian, A., Tamayo, P., Mootha, V.K.,
Mukherjee, S., Ebert, B.L., Gillette, M.A.,
Paulovich, A., Pomeroy, S.L., Golub, T.R., Lander,
E.S., and Mesirov, J.P. (2005). Gene set
enrichment analysis: A knowledge-based
approach for interpreting genome-wide
expression profiles. Proc Natl Acad Sci U S A 102,
15545–15550.

Sugimoto, T., Morioka, N., Zhang, F.F., Sato, K.,
Abe, H., Hisaoka-Nakashima, K., and Nakata, Y.
(2014). Clock gene Per1 regulates the production
of CCL2 and interleukin-6 through p38, JNK1 and
NF-kappaB activation in spinal astrocytes. Mol.
Cell Neurosci. 59, 37–46.

Tian, G., Courtney, A.N., Jena, B., Heczey, A., Liu,
D., Marinova, E., Guo, L., Xu, X., Torikai, H., Mo,
Q., et al. (2016). CD62L+ NKT cells have
prolonged persistence and antitumor activity
in vivo. J. Clin. Invest. 126, 2341–2355.

Truneh, A., Carr, F.J., Jones, T.D., and Gresgson,
J.P. (2013). Humanized Antiodies to iNKT, USA
Patent Application.

Van Kaer, L., Parekh, V.V., and Wu, L. (2015). The
response of CD1d-restricted invariant NKT cells
to microbial pathogens and their products. Front.
Immunol. 6, 226.

Venkataswamy, M.M., Baena, A., Goldberg, M.F.,
Bricard, G., Im, J.S., Chan, J., Reddington, F.,
Besra, G.S., Jacobs, W.R., Jr., and Porcelli, S.A.
(2009). Incorporation of NKT cell-activating
glycolipids enhances immunogenicity and
vaccine efficacy of Mycobacterium bovis bacillus
Calmette-Guerin. J. Immunol. 183, 1644–1656.

Ward, A.C. (2007). The role of the granulocyte
colony-stimulating factor receptor (G-CSF-R) in
disease. Front. Biosci. 12, 608–618.

Watarai, H., Nakagawa, R., Omori-Miyake, M.,
Dashtsoodol, N., and Taniguchi, M. (2008).
Methods for detection, isolation and culture of
mouse and human invariant NKT cells. Nat.
Protoc. 3, 70–78.

Woltman, A.M., Ter Borg, M.J., Binda, R.S.,
Sprengers, D., Von Blomberg, B.M., Scheper,
R.J., Hayashi, K., Nishi, N., Boonstra, A., Van der
Molen, R., and Janssen, H.L. (2009). Alpha-
galactosylceramide in chronic hepatitis B
infection: results from a randomized placebo-
controlled Phase I/II trial. Antivir. Ther. 14,
809–818.

Zhao, Y., and Shao, F. (2015). The NAIP-NLRC4
inflammasome in innate immune detection of
bacterial flagellin and type III secretion
apparatus. Immunol. Rev. 265, 85–102.

ll
OPEN ACCESS

iScience 25, 103889, March 18, 2022 21

iScience
Article

http://refhub.elsevier.com/S2589-0042(22)00159-6/opttveQsDx8Ik
http://refhub.elsevier.com/S2589-0042(22)00159-6/opttveQsDx8Ik
http://refhub.elsevier.com/S2589-0042(22)00159-6/opttveQsDx8Ik
http://refhub.elsevier.com/S2589-0042(22)00159-6/opttveQsDx8Ik
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref53
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref53
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref53
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref54
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref54
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref91
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref91
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref91
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref91
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref91
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref91
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref55
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref55
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref55
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref56
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref56
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref56
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref56
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref56
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref56
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref57
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref57
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref57
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref57
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref58
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref58
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref58
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref58
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref58
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref59
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref59
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref59
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref60
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref60
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref60
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref60
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref60
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref61
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref61
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref61
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref61
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref61
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref62
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref62
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref62
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref62
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref62
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref62
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref62
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref62
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref63
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref63
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref63
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref64
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref64
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref64
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref64
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref64
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref64
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref64
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref65
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref65
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref65
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref65
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref65
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref65
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref65
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref66
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref66
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref66
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref66
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref67
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref67
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref67
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref67
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref67
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref68
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref68
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref68
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref68
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref68
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref68
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref69
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref69
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref69
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref69
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref69
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref69
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref69
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref70
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref70
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref70
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref70
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref71
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref71
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref71
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref71
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref72
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref72
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref72
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref72
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref72
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref73
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref73
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref73
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref73
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref73
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref73
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref74
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref74
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref74
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref75
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref75
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref75
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref75
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref75
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref76
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref76
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref76
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref77
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref77
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref77
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref77
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref77
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref77
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref78
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref78
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref78
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref78
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref79
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref79
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref79
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref79
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref79
http://refhub.elsevier.com/S2589-0042(22)00159-6/opt07xyD3idQY
http://refhub.elsevier.com/S2589-0042(22)00159-6/opt07xyD3idQY
http://refhub.elsevier.com/S2589-0042(22)00159-6/opt07xyD3idQY
http://refhub.elsevier.com/S2589-0042(22)00159-6/opt07xyD3idQY
http://refhub.elsevier.com/S2589-0042(22)00159-6/opt07xyD3idQY
http://refhub.elsevier.com/S2589-0042(22)00159-6/opt07xyD3idQY
http://refhub.elsevier.com/S2589-0042(22)00159-6/opt07xyD3idQY
http://refhub.elsevier.com/S2589-0042(22)00159-6/opt07xyD3idQY
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref80
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref80
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref80
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref80
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref80
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref80
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref81
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref81
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref81
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref81
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref81
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref82
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref82
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref82
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref83
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref83
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref83
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref83
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref84
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref84
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref84
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref84
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref84
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref84
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref84
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref85
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref85
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref85
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref86
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref86
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref86
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref86
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref86
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref87
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref87
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref87
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref87
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref87
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref87
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref87
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref87
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref88
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref88
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref88
http://refhub.elsevier.com/S2589-0042(22)00159-6/sref88


STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Monkey adsorbed goat anti-human IgG Southern Biotech Cat#2049-01; RRID: AB_2795694

Goat anti-human IgG Biotin

(monkey adsorbed)

Southern Biotech Cat#2049-08; RRID: AB_2795697

Goat anti-mouse IgG (GAM-IgG)

Fab2 fragments

Seracare KPL Cat#5210-0303

Please see Table S5 for the full list of antibodies

used in Flow Cytometry experiments.

Chemicals, peptides, and recombinant proteins

Bromo-20-deoxyuridine (BrdU) BD Biosciences, Franklin Lakes, NJ Cat#51-2420KC

Calcein AM Life Technologies Corp, Carlsbad, CA Cat#C3099

IL-2 Millipore Sigma, St Louis, MO Cat#12644-5X10UG

BD GolgiPlug Protein Transport

Inhibitor (Containing Monensin)

BD Biosciences, Franklin Lakes, NJ Cat#554724; RRID: AB_2869012

BD GolgiPlug Protein Transport

Inhibitor (Containing Brefeldin A)

BD Biosciences, Franklin Lakes, NJ Cat#555029; RRID: AB_2869014

LIVE/DEAD� Fixable Violet Dead

Cell Stain Kit, for 405 nm excitation

Invitrogen, Carlsbad, CA Cat#L34963

Fixation and Permeabilization

Solution (BD Fix/Perm)

BD Biosciences, Franklin Lakes, NJ Cat#554722; RRID: AB_2869010

Stabilizing Fixative BD Biosciences, Franklin Lakes, NJ Cat#338036

BD Perm/Wash Buffer BD Biosciences, Franklin Lakes, NJ Cat#554723; RRID: AB_2869011

Critical commercial assays

Qiagen RNeasy Plus Mini Kit Qiagen Cat#74134

Zymo Clean & Concentrate-5 Kit Zymo Cat#R1013

Qubit RNA BR Assay Kit Invitrogen, Carlsbad, CA Cat#Q10210

Monkey Cytokine Magnetic 29-Plex Luminex Invitrogen, Carlsbad, CA Cat#LPC0005M

Deposited data

Gene Ontology (GO) database Gene Ontology Consortium, The Gene

Ontology resource: enriching a GOld mine

Ashburner et al. (2000)

Hallmark (H) gene set of the Molecular

Signature database (MsigDB)

UC San Diego and the Broad Institute Subramanian et al. (2005) and

Liberzon et al. (2011)

Curated (C2) gene set of the Molecular

Signature database (MsigDB)

UC San Diego and the Broad Institute Subramanian et al. (2005) and

Liberzon et al. (2011)

WikiPathways Wikipathways.org Martens et al. (2020)

Deposited RNAseq raw data from our study Tulane RNA-Seq Core GEO: GSE194235

GRCh37/hg19 reference genome Genome Reference Consortium GCA_000001405.1

Experimental Models: Cell Lines

K-562 ATCC ATCC#CCL-243; RRID: CVCL_0004

A4.4 MTA with Dr. Leonid Metilitsa Tian et al. (2016)

Mock transfected C1R cells (C1Rmock) Mark Exley Exley et al. (1997)

C1R cells stably transfected with CD1d (C1Rd) Mark Exley Exley et al., 1997

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Dr. Amitinder Kaur (akaur@tulane.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All RNA-seq data was deposited in GEO (GEO: GSE194235). No new code was generated to analyze this

data set. Any additional information required to reanalyze the data reported in this paper is available from

the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics statement for in vivo non-human primate studies

In vivo non-human primate studies were performed at the New England Primate Research Center (NEPRC)

(Boston, MA; 2013-2015) and the Tulane National Primate Research Center (TNPRC) (Covington, LA; 2015-

2018). This study was carried out in accordance with the Guide for the Care and Use of Laboratory Animals

of the NIH. The protocol was reviewed and approved by the Institutional Animal Care and Use Committees

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: organisms/strains

Mauritian Origin Cynomolgus Macaques Tulane National Primate

Research Center Breeding Colony

N/A

Software and algorithms

Bio-Plex Manager Software v6.2 Bio-Rad, Hercules, CA Cat#171STND05

RNA-seq for Eukaryotes Analysis v3 Banana Slug Genomics Center at

the University of California Santa Cruz

https://sluggenomicscenter.ucsc.edu/

Trimmomatic Bolger et al. (2014)

PRINSEQ Schmieder and Edwards (2011)

STAR Kim et al. (2013) and Dobin et al. (2013)

NCBI RefSeq O’Leary et al. (2016)

DESeq Anders and Huber (2010)

Gen5 1.11.5 Software Agilent, Santa Clara, CA https://www.biotek.com/products/software-

robotics-software/gen5-microplate-reader-

and-imager-software/

edgeR Robinson et al. (2010)

‘pheatmap’ package in R Kolde (2019)

GSEA was performed with the

R package ‘ClusterProfiler’

R

R software package ‘ggplot2’ R

FlowJo version 9.9 Ashland, OR https://www.flowjo.com/solutions/

flowjo/downloads/v9

simplified presentation of incredibly

complex evaluations (SPICE)

Roederer et al. (2011)

BD FACSDiva version 9.1 BD Biosciences, Franklin Lakes, NJ https://www.bdbiosciences.com/en-us/

products/software/instrument-software/

bd-facsdiva-software#Overview

GraphPad/PRISM LaJolla, CA https://www.graphpad.com/
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(IACUCs) at NEPRC and TNPRC. The facilities also maintained an Animal Welfare Assurance statement with

the National Institutes of Health, Office of Laboratory Animal Welfare.

Animals and study design

We longitudinally evaluated blood from adult maleMCM (n = 12) and tissues from a subset of these animals

(n = 3), pre and post NKTT320 treatment.

Single-dose pharmacokinetic studies. NKTT320 was administered by intravenous route at escalating

doses in three groups: low (100 mg/kg, n = 6), mid (300 mg/kg, n = 3) and high (1000 mg/kg, n = 3). Samples

were taken prior to NKTT320 administration, and 30 minutes, 2 hours, days 1, 3, 7, and weeks 2, 4, 6, 8, and

14 post treatment. Animals were released to the second phase of the study after the final time point.

Repeated dose studies. One animal received 3 doses of NKTT320—30 mg/kg, 100 mg/kg and 100 mg/

kg—at 2-week intervals.

Toxicology. Serum AST and ALT levels were measured on the Beckman Coulter Olympus AU 480 system

by the clinical pathology core at TNPRC.

Processing of peripheral blood and tissues

Peripheral blood mononuclear cells (PBMCs) were isolated from MCM by density gradient centrifugation.

In brief, peripheral blood was diluted 1:1 in PBS and layered over 90% ficoll at a 1:2 ratio. The gradient was

then spun at 2,200 rpm for 45 minutes with the brake off. Cells were then isolated, washed and counted

according to standard methods. PBMCs were used for phenotyping and functional assays. In a subset of

experiments bone marrow (BM), bronchoalveolar lavage (BAL), peripheral lymph node (PLN), rectal mu-

cosa, subcutaneous abdominal adipose tissue biopsies were taken. In brief, tissue lymphocytes were iso-

lated as follows. BM was treated identically to peripheral blood, described above. BAL was strained, spun

at 1,500 rpm for 5 minutes and counted. PLN lymphocytes were isolated using mechanical separation.

Rectal mucosa lymphocytes were isolated by enzymatic digestion with EDTA followed by collagenase II.

Remaining tissue was mechanically disrupted, strained and washed before counting. Similarly, adipose tis-

sue was initially digested using collagenase II followed by mechanical disruption, straining out remaining

tissue and washing the cells before counting. Tissue lymphocytes were used to assess iNKT frequency

within tissues following activation with NKTT230.

METHOD DETAILS

NKTT320 ELISA

NKT Therapeutics developed an enzyme-linked immunosorbent assay (ELISA) to determine NKTT320 con-

centration in monkey plasma or serum based on the detection of human IgG4. Briefly, 96 well plates were

coated with monkey adsorbed goat anti-human IgG (1 mg/mL) and incubated at 37�C for 2 hours or 4�C
overnight. Plates were washed 33 with wash buffer (0.05% Tween 20 in 13 PBS). Wells were blocked using

3% BSA in 13 PBS for 2 h at room temperature. Plates were washed as described above, diluted plasma

samples, NKTT320 standards and controls were added and incubated for either 2 hours at room temper-

ature or overnight at 4�C. For antibody detection, 0.1 mg/mL goat anti-human IgG Biotin (monkey ad-

sorbed) was added to each well and incubated for 1 hour at room temperature. Plates were washed as

described above, 100 mL diluted streptavidin-HRP polymer (SPP) conjugate was added, and samples

were incubated 1 hour at room temperature. Plates were washed as described above, 100 mL of Tetrame-

thylbenzidine (TMB) was added to each well, incubated in the dark for between 10-20 minutes and the re-

action was stopped by adding 100 mL stop solution to each well. Plates were read at 450nm within 30 mi-

nutes of adding stop solution on a Biotek synergy 2 (Winooski, VT) microplate reader and data was acquired

and analyzed using Gen5 1.11.5 software, Excel and GraphPad/PRISM.

Cells and reagents

CD1d transfectant C1R cells. C1R cells either mock transfected or stably transfected with CD1d (C1Rd)

(Rout et al., 2010; Exley et al., 1997) were used either loaded with aGC (Avanti Polar Lipids; Alabaster, AL) or

PBS to stimulate PBMC to compare a known iNKT specific stimulant with NKTT320 stimulation. C1R trans-

fectants were used at a ratio of 1:10 C1R: PBMC for stimulation.
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CD1d transfectant K652 cells. K652 cells stably transfected with CD1d (A4.4) cells (Tian et al., 2016) were

obtained through an MTA with Dr. Leonid Metilitsa. A4.4 cells loaded with aGC were used with or without

NKTT320 in a Calcein-AM release killing assay with K652 as a comparison. Target cells were used at

effector: target ratios of between 2:1 and 8:1.

Alpha-galactosylceramide. aGC stock was received at 2 mg/mL from Avanti Polar Lipids, Alabaster, AL

and stored in 10 mL aliquots in brown glass vials at �80�C. Aliquots of working solution of 20 mg/mL in R10

medium (RPMI + HEPES + L-glutamine+10% fetal calf serum) were stored at �20�C until use. aGC was

loaded onto C1Rd cells and used for iNKT stimulation at a final concentration of 100 ng/mL.

NKTT320 monoclonal antibody. NKTT320 is a humanized monoclonal antibody developed by NKT

Therapeutics (Sharon, MA) that binds to the CDR3 region of the Va chain of the human iNKT TCR (Scheu-

plein et al., 2013; Patel et al., 2020, Truneh et al., 2013). NKTT320 is the sister antibody to NKTT120 (Field

et al., 2017; Scheuplein et al., 2013). Briefly CD1d knock out mice, which lack iNKT-cells, were immunized

with cyclic peptides from the CDR3 loop of the TCRa and screened for antibodies. One mouse monoclonal

antibody designated 6B11, was identified as specific for human and non-human primate but not rodent

iNKT-cells. 6B11 has demonstrated the ability to identify, purify, activate and expand iNKT-cells (Exley

et al., 2008). To permit clinical evaluation, the murine mAb 6B11, was humanized and de-immunized using

the ‘‘Composite Human Antibody� Technology’’ (Antitope Ltd., Cambridge, UK) to a stabilized IgG4 acti-

vating antibody NKTT320. NKTT320 was evaluated by Surface Plasmon Resonance (SPR) assays to deter-

mine the binding affinity to soluble human iTCR. NKTT320 binds specifically and selectively to the human

iTCR with a KD of approximately 44 nM. Measurement of binding affinity and functional characterization of

NKTT320 was performed using recombinant human invariant TCR and cells. NKTT320 was produced by

Antitope LTD (Cambridge, UK) in a transfected CHO-M cell line provided by Selexis sa (Chemin des

Aulx Switzerland).

Monoclonal antibodies for flow cytometry. Monoclonal antibodies were used for phenotyping and

flow cytometric functional assays. Antibody clone, vendor and panel information can be found in Table S5.

iNKT detection

CD1dTMs loaded with aGC conjugated to either APC or BV421 were obtained from the NIH Tetramer core.

These loaded tetramers were titrated and used at the optimal titrated volume. iNKTs are identified based

on co-expression of CD1d-TM and Va24 as described previously (Rout et al., 2010). Briefly, isolated cells

were washed, incubated with titrated volumes of CD1dTM at room temperature for 30 minutes followed

by addition of the remaining antibodies in the staining cocktail for 20 minutes. Standard flow cytometric

protocols were used for the remaining surface or intracellular cytokine staining panels. A minimum of 2

million PBMCs were used for flow cytometric staining to allow for at least 200,000 lymphocyte events to

be captured to visualize rare iNKT populations. All flow cytometry panels were run on either BD LSR-II or

BD Fortessa instruments (BD, Franklin Lakes, NJ) by the TNPRC Flow Cytometry Core.

In vitro iNKT stimulation

In vitro stimulation with soluble NKTT320. Peripheral blood mononuclear cells (PBMC) isolated from 3

MCM were incubated with escalating concentrations (0.1, 1, 10 and 25ug/mL) of NKTT320 diluted in R10

media (RPMI/1%Hepes/10%FBS). Cells were incubated overnight at 37�C and harvested for Flow Cytom-

etry staining.

In vitro stimulation with cross-linked NKTT320. PBMCwere stimulated with 200 ng/mLNKTT320 cross-

linked with goat-anti-mouse (GAM) IgG Fab2 fragments. Briefly wells were first coated with GAM-IgG at

2.5 ng/mL (SeraCare, formerly KPL, Gaithersburg, MD) in 50mM TRIS buffer (pH=8.6), 1mL per well, and

incubated for 1 hour at 37�C. Wells were then washed 33 with PBS and 1mL/well 200 ng/mL NKTT320 in

PBS was added. Plates were then incubated another hour at 37�C, washed and 1million PBMC in R10media

were added to each well. Cells were then incubated 48 hours, harvested for flow cytometry; supernatants

were harvested for Luminex assay.

In vitro stimulation with aGC. PBMC were stimulated with 100 ng/mL aGC loaded onto C1Rd cells.

C1Rd cells were irradiated at 10,000 rads (100 Gy) and mixed with PBMCs at a ratio of 1:1000. Finally,
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100 ng/mL aGC was added and plates were incubated 48 hours. Cells were then harvested for flow cytom-

etry and supernatants were harvested for Luminex assay.

Intracellular cytokine staining

Cells were stained with live/dead dye for 20 minutes at room temperature, then washed with 2% FBS/PBS.

Cells were then incubated in CD1d tetramer loaded with aGC for 20minutes with no wash. The surface stain

cocktail was added to the tubes, incubated for 20 minutes, and washed with 2% FBS/PBS. Cells were incu-

bated in BD Cytofix/Cytoperm solution (BD Biosciences, Franklin Lakes, NJ) for 20 minutes followed by a

wash with BD Perm/Wash Buffer (BD Biosciences, Franklin Lakes, NJ). Intracellular antibodies were then

added for a 20 minute incubation, then washed with BD Perm/Wash Buffer. Cells were fixed for 1 hour

with Stabilizing Fixative (BD Biosciences, Franklin Lakes, NJ) then washed in PBS. The stained cells were

acquired the next day on the LSRII using BD FACSDiva version 9.1. Compensation and analysis were per-

formed in FlowJo v10.7.

Calcein-AM cytotoxicity assay

The ability of activated iNKT cells to kill CD1d expressing cells was determined using a Calcein release

assay adapted from a previously described study (Somanchi et al., 2015).

iNKT cultures. iNKT cells from n = 4 animals were expanded in culture as follows. Half of the cells were

irradiated with 3000 rads, then pulsed with 10ug aGC for 1 hour at 37�C in 5% CO2. aGC pulsed, irradiated

PBMCs were then combined with the remaining PBMCs cultured in a 24 well plate in R10 media at a con-

centration of 2-4x106cells/mL at 37�C in 5% CO2. After 24 hours, media was replaced with R10 + 200IU/mL

IL-2 (Millipore Sigma, St Louis, MO). On day 3, cell cultures were half fed with R10 + IL2 media. IL-2 media

was tapered off over days 7–10 leading up to the Calcein-AM release assay.

Calcein release assay. Assay was set up on day 11 of culture. Cells were plated in aliquots of 100 mL R10

media in a 96 well U-bottom plate. The number of cells plated varied for a final effector-to-target cell ratio

(E:T ratio) from 2:1 to 8:1. 50 mL R10 or 50 mL R10 + NKTT320 (50 ng/50 mL) was added to appropriate wells.

Target cells (A4.4, described above) cells were pre incubated with 10 mg aGC in PBS for 1 hour at 37�C in 5%

CO2, and then washed with complete RPMI. Target A4.4 (or control K562) cells were then stained with 2 mg/

mL Calcein-AM (Life Technologies Corp, Carlsbad, CA) in complete RPMI. Cells were resuspended at 1 3

106cells/mL in Calcein-AM-stainingmedia (Invitrogen, Carlsbad, CA) for 30 minutes at 37�C in 5%CO2, with

intermittent mixing. Target cells were washed and resuspended at 2 3 106 cells/mL in R10 media with no

FBS. Aliquots of 50 mL of Calcein stained target cells (1 3 105cells) were added to appropriate wells of a 96

well U bottom plate containing effector cells (expanded iNKT cultures). Maximum and spontaneous release

controls of Calcein labeled target cells were set up in triplicates using 1% Triton X-100 (final concentration)

and plain media respectively. Once all cells and media were added to 96 well U bottom plate, plate was

spun at 100xg for 2 minutes, then incubated at 37�C in 5%CO2. After 6 hours, cells were gently mixed to

evenly distribute released calcein into the supernatant. The plate was then spun at 400xg for 2 minutes

to pellet cells and debris. 150ul of supernatant was transferred to a flat bottom translucent 96 well plate,

and fluorescence was read using a BioTek Synergy2 plate reader (Ex: 485 nm/Em: 530 nm). The percent spe-

cific lysis was calculated using the formula [(Test release –Spontaneous release)/(Maximum release –Spon-

taneous release)] x 100.

Degranulation assay

C1Rd and C1RMock cells (described above) were irradiated at 10,000 rads in the Mark I Model 30-1 Irradi-

ator. Irradiated cells were then pulsed in 200 ng/mL aGC and incubated at 37�C for 1 hour. Meanwhile,

FACS tubes were coated with 2.5 mg/mL goat anti-mouse (GAM) IgG (Kierkegaard and Perry Lab) sus-

pended in TRIS buffer (bioWORLD, pH 9.0, 50mM). Tubes were incubated at 37�C for 30 minutes at a

45� angle to maximize surface area. Tubes were then washed twice with phosphate-buffered saline

(PBS). 200 ng/mL NKTT320 in R10 media (RPMI plus Hepes, L-glutamine, and 10% FBS) was added to

each FACS tubes at 1mL per tube. Tubes were incubated with NKTT320 at 37�C for 1 hour at a 45� angle,
then decanted. Frozen PBMC containing effector cells (iNKT) were thawed and added to the coated tubes

at 1x106 cells per tube. Irradiated, aGC pulsed C1RD and C1R Mock cells were added to their respective

tubes at 13 105 cells per tube. CD107a and CD107b antibodies and 0.67 mL/mLMonensin (BD Biosciences)

were added at this time. Cells were incubated at 37�C for 1 hour at a 45�angle. Finally, Brefeldin A (BD
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Biosciences) was added at 0.6 mL/mL and incubated at 37�C for either 6 or 13 hours at a 45� angle. The

following day, the stimulated cell suspensions were washed with PBS and stained with a degranulation

flow cytometry panel (see Table S5).

Proliferation assays

In vitro proliferation assays were conducted to assess iNKT proliferative ability and anergy following mul-

tiple in vivo doses of NKTT320. PBMC from days 0, 1, 7, 14 following each dose of NKTT320 were assessed.

Onemillion PBMCper condition were stimulated with either R10media, aGC or staphylococcal enterotoxin

B (SEB) (Sigma, Saint Louis, MO). Cells were seeded at 0.2M per well in a 96-well plate and brought up to

200 mL/well with R10, 100 ng/mL aGC or 200 ng/mL SEB. Plates were incubated at 37�C for 5–6 days and

10uM Bromo-20-deoxyuridine (BrdU, vendor) was added to each well 24 hours prior to staining. On the

6-7th day of incubation, cells were pooled by time-point and stimulation condition and analyzed by flow

cytometry.

Luminex

Luminex technology was used to assess plasma chemokine and cytokine levels following NKTT320

treatment in 12 MCM. We used the Invitrogen (Carlsbad, CA) magnetic bead Monkey Cytokine Magnetic

29-Plex Panel covering the following analytes: EGF, HGF, VEGF, MIG, RANTES, Eotaxin, IL-8, GM-CSF, TNF

alpha, IL-1 beta, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, MIP-1 alpha, IL-17, MIP-1 beta, IP-10, IL-15, MCP-1, G-CSF,

IFN gamma, FGF-Basic, IL-1RA, MDC, MIF, I-TAC. Final reactions were read on a Bio-Plex� 200 System

(Bio-Rad Laboratories, Hercules, CA) results were calculated using Bio-Plex Manager� Software v6.2

(Bio-Rad) by the TNPRC Pathogen Quantification and Detection Core.

RNA-seq

Sample preparation for RNA-Seq. RNA was extracted from snap frozen, unfractionated PBMCs using

the Qiagen RNeasy Plus Mini Kit (Qiagen 74,134). Briefly, cells were first thawed and pelleted, then lysed

following the kit protocol. gDNA was removed using a gDNA Eliminator spin column, and remaining

flow through was added to a RNeasy spin column to bind RNA. The spin column/RNA was washed, RNA

was eluted and stored at �80�C. Later, samples were concentrated using Zymo Clean & Concentrate-5

Kit (R1013). Briefly, RNA was thawed, bound, and added to the Zymo-Spin IC Column. Then RNA bound

to the column was washed, eluted, aliquoted and stored at �80�C. Samples were then submitted for

RNA-Seq analysis using a high output, and single read 75 cycle run. Prior to Illumina total RNA library con-

struction, DNase treated RNA was quantitated using the Qubit RNA BR assay kit (ThermoFisher Scientific,

#Q10210). RNA quality (RIN) was determined on an Agilent 2100 Bioanalyzer using an Agilent RNA 6000

Nano kit (Agilent, #5067-1511). Cytoplasmic and mitochondrial rRNA was removed from each sample

following the Ribo-Zero Gold rRNA Removal Kit Reference Guide from Illumina. After RNA clean up, sam-

ples were resuspended in 11ul Elution buffer followed by prime and fragmentation. Illumina compatible

total RNA cDNA libraries were generated following the TruSeq Stranded Total RNA Sample Preparation

Guide (Illumina #20020596). Samples were fun on an Illumina HiSeq Instrument. Raw and processed

RNA-seq data was submitted to GEO (GEO: GSE194235).

RNA-seq data analysis. RNA-seq for Eukaryotes Analysis v3 was used for sequencing analysis and built

by the Banana Slug Genomics Center at the University of California Santa Cruz. First, an Illumina sequencer

at the Tulane School of Medicine Genomics Core was used to construct raw sequencing reads which were

checked for quality and contaminants using FastQC (Andrews, 2010). Next, Trimmomatic was used to trim

adapter sequences and primers from the sequencing reads (Bolger et al., 2014). Removal of polyA tail,

polyN, and read segments with a quality score below 28 was accomplished by using PRINSEQ (Schmieder

and Edwards, 2011). Following trimming, any reads of length less than 20bp were removed. Quality check

was repeated, and high-quality reads were then mapped to the GRCh37/hg19 reference genome using

STAR (Kim et al., 2013; Dobin et al., 2013) with NCBI RefSeq (O’Leary et al., 2016) annotated genes tran-

scriptome index data. Raw read counts were normalized across all samples and then used for differential

expression analysis using DE-Seq (Anders and Huber, 2010) and edgeR (Robinson et al., 2010) separately.

Genes related to the immune system and with p values of <0.05 from the edgeR pipeline were identified

and categorized by major cell type, which were then plotted on individual heatmaps. Heatmaps were con-

structed using log2 fold change data and using the ‘pheatmap’ package in R (Kolde, 2019).
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Gene set enrichment analysis. GSEA was performed with the R package ‘ClusterProfiler’ at default

parameters. Enrichment scores were calculated against the following 4 pathway databases containing a

priori-defined gene sets: Gene Ontology (GO) database, Hallmark (H) and Curated (C2) gene sets of the

Molecular Signature database (MsigDB), and WikiPathways. Gene sets significantly enriched in the data-

sets (p < 0.05) were subsequently curated for those relevant to NKT cell biological function. Enrichment

plot was generated with the R software package ‘ggplot2’ and heatmaps with the ‘pheatmap’ package.

QUANTIFICATION AND STATISTICAL ANALYSIS

All flow cytometry data were analyzed using FlowJo version 9.9 (Ashland, Oregon). Cytokine polyfunction-

ality analyses were done using simplified presentation of incredibly complex evaluations (SPICE) (Roederer

et al., 2011). Graphs were generated, and t-tests were performed usingGraphPad/PRISM (LaJolla, CA). Sta-

tistical analyses were performed in GraphPad/PRISM using the non-parametric Wilcoxon Signed Rank test

or paired t-test. Details of statistical analyses can be found in the figure legends. Significance was defined

as p < 0.05. *<0.05, **<0.01, ***<0.001, ****<0.0001.
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