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 50 

Headline: IFNg is not required for CAR-T efficacy in heme malignancies 51 

Summary: A significant toxicity of CAR T cell therapy is cytokine release syndrome. Production of IFNg by activated 52 
T cells has long been thought to be necessary for anti-tumor activity, but it is also implicated in initiating the CRS 53 
cascade and macrophage activation. Bailey et al have discovered that either blockade or genetic knockout of IFNg 54 
does not impact the anti-tumor activity of CAR T cells in hematologic malignancies. Instead, there is reduced 55 
expression of immune checkpoints on the CAR T cells and less activation of macrophages. Thus, it may be possible 56 
to separate the toxicity from the efficacy of CAR T cells, which could enable safer and yet effective use.  57 
 58 

 59 

  60 
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ABSTRACT 61 

Chimeric antigen receptor T cells (CAR-T) induce impressive responses in patients with 62 

hematologic malignancies but can also trigger cytokine release syndrome (CRS), a systemic 63 

toxicity caused by activated CAR-T and innate immune cells. Although interferon-gamma 64 

(IFN) production serves as a potency assay for CAR T cells, its biologic role in conferring 65 

responses in hematologic malignancies is not established. Here we show that pharmacologic 66 

blockade or genetic knockout of IFN reduced immune checkpoint protein expression with no 67 

detrimental effect on anti-tumor efficacy against hematologic malignancies in vitro or in vivo. 68 

Furthermore, IFN blockade reduced macrophage activation to a greater extent than currently 69 

used cytokine antagonists in immune cells from healthy donors and serum from CAR-T treated 70 

lymphoma patients who developed CRS. Collectively, these data show that IFN is not required 71 

for CAR-T efficacy against hematologic malignancies, and blocking IFN could simultaneously 72 

mitigate cytokine-related toxicities while preserving persistence and anti-tumor efficacy. 73 

 74 

STATEMENT OF SIGNIFICANCE  75 

Blocking IFN in CAR T cells does not impair their cytotoxicity against hematologic tumor cells 76 

and paradoxically enhances their proliferation and reduces macrophage-mediated cytokines and 77 

chemokines associated with CRS. These findings suggest that IFN blockade may improve CAR 78 

T cell function while reducing treatment-related toxicity in hematologic malignancies.  79 

 80 

INTRODUCTION 81 

IFN is a cytokine produced primarily by T cells and NK cells and plays an important role in 82 

orchestrating immune responses in cancer and infectious disease. Specifically, IFN activates 83 
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innate immune cells (macrophages) (1,2), and upregulates both antigen-presentation pathways 84 

and immune checkpoint proteins (3-6) in immune cells and tumor cells (7). Because IFN 85 

production is easily measured and reliably triggered following CAR T cell engagement with 86 

antigen, measurements of IFN release have emerged as the de facto potency assay for CAR T 87 

cell therapeutic products, despite the lack of a clear role for IFN in mediating their anti-tumor 88 

efficacy in hematologic malignancies. In melanoma and other solid tumors, mutations in IFN 89 

receptor signaling have been identified as a mechanism of resistance to checkpoint blockade 90 

(8,9), and we have recently identified that IFN  receptor signaling also confers relative 91 

resistance to CAR T cell mediated cytotoxicity only in solid tumors(10). In contrast, 92 

IFNproduced by CAR T cells has a clear role in mediating cytokine release syndrome and 93 

macrophage activation syndrome in hematologic malignancies. Patients suffering from CAR-T-94 

associated toxicities, such as CRS and immune-effector cell associated neurotoxicity syndrome 95 

(ICANS), have elevated levels of IFN(11-14), similar to patients with underlying 96 

rheumatologic or malignant disease that trigger macrophage activation syndrome, or genetic 97 

diseases that trigger hemophagocytic lymphohistiocytosis (HLH) (12,15,16). Pharmacologic 98 

blockade of IFN using emapalumab-lzsg has recently been approved for the management of 99 

primary (genetic) HLH but has not yet been systematically tested with CAR-T cell induced CRS 100 

or HLH, primarily due to concerns about potentially abrogating the anti-tumor effects; however, 101 

a recent case demonstrates that IFN antibody blockade may alleviate CRS without impacting 102 

anti-tumor efficacy(17). 103 

 104 

We hypothesized that IFN is a by-product of CAR T cell activation in hematologic 105 

malignancies that does not have direct anti-tumor effects but contributes to macrophage 106 
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activation, which is associated with CAR T cell toxicities. We sought to test this hypothesis 107 

using pharmacologic and genetic approaches to block or delete IFNin CAR-T cells and probe 108 

the downstream effects in established and new models of both anti-tumor efficacy and toxicity, 109 

respectively. These models leveraged both xenograft models of hematologic malignancies and 110 

serum samples derived from patients who went on to develop clinically significant cytokine-111 

related toxicities.     112 

 113 

RESULTS 114 

IFN blockade does not affect CAR-T subsets or function 115 

To define the role of IFN in CAR-T function, we leveraged pharmacologic and genetic 116 

approaches to block or delete IFN in co-cultures of CD19-directed CAR T cells and CD19-117 

positive leukemia and lymphoma tumor cells. Primary human T cells derived from healthy 118 

donors were transduced with a lentiviral vector encoding a CD19-specific CAR bearing a 4-1BB 119 

costimulatory domain (BB; Fig. 1a-c; Supplementary Fig. S1a). Following CAR-T expansion, 120 

IFN was successfully and specifically targeted with a blocking antibody (IFN) in a dose-121 

dependent manner (Fig. 1d; Supplementary Fig. S1b). Antibody-mediated blockade of IFN 122 

inhibited downstream signaling in the presence of recombinant human IFN, as demonstrated by 123 

reduced phospho-STAT1 (pSTAT1) and maintained stable expression of interferon gamma 124 

receptor 1 (IFNR) on the surface of CAR-T (Fig. 1e) and tumor cells, including JeKo-1 125 

(Mantle cell lymphoma; Fig. 1f), Nalm6 (Acute lymphoblastic leukemia) and Raji (Burkitt’s 126 

lymphoma) (Supplementary Fig. S1c,d). As expected, IFN blockade alone did not affect the 127 

expression of IFNR1 or the viability of untransduced T cells (UTD), CAR T cells or B cell 128 

tumors (Supplementary Fig. S1e-h). Based on these data, we chose to move forward with two 129 
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doses of IFN-blocking antibody offering moderate (5g/ml; ~60%) or high (20g/ml; ~90%) 130 

blockade of IFN signaling.  131 

 132 

To genetically knock out IFN in CAR T cells, four IFN-targeted guides and a control GFP 133 

guide were purchased from the Broad Institute and assessed for their ability to knock out IFN in 134 

the T cell line SMZ-1 (Supplementary Fig. S2a-c). The two guides that deleted IFN 135 

production in SMZ-1 cells compared to UTD and the GFP control were incorporated into CAR 136 

constructs, but one of these was more efficient at deleting IFN in primary CAR T cells while 137 

maintaining production of other cytokines; therefore, this guide was chosen for further studies 138 

(Supplementary Fig. S2d). To generate IFN knockout CAR-T, healthy donor T cells were 139 

isolated, activated, and transduced with a lentiviral vector encoding the same CAR construct 140 

with the additional modification of upstream CRISPR/Cas9 guide RNA sequences for either the 141 

T cell receptor  alone (TRAC knockout; KO) or in combination with the guide for IFN 142 

(IFNKO) (Fig. 1g-i; Supplementary Fig. S2e). Following Cas9 mRNA electroporation, KO 143 

and IFNKO CAR-T were isolated by removing CD3
+
 T cells from the culture (Supplementary 144 

Fig. 2f), and specific deletion of IFN production in CD3
–
 CAR-T was confirmed by ELISA 145 

(Fig. 1j) and flow cytometry (Supplementary Fig. S2g,h). The deletion of IFN did not 146 

significantly alter the subsets of CAR T cells, as the two groups had similar ratios of CD4/CD8 T 147 

cells (Fig. 1k), with the majority being naive (CD62L
+
CD45RO

–
) and expressing type 1 148 

(CXCR3
+
CCR4

–
CCR6

–
) or type 2  (CCR4

+
CCR6

–
) chemokine receptors (Supplementary Fig. 149 

S2i,j). There were no significant differences in memory subsets seen in CD4
+
 or CD8

+
 T cells. 150 

Like antibody blockade, IFNKO CAR-T did not alter expression of IFNR1 on the cell surface 151 

or compromise viability following T cell activation (Supplementary Fig.S2k,l).  152 
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 153 

Transcriptional analysis of knockout CAR T cells following antigen stimulation through the 154 

CAR revealed strong donor-specific grouping with a weaker clustering among the KO and 155 

IFNKO cells by principal component analyses (Supplementary Fig. S2m,n; Supplementary 156 

NanoString sequencing data file). As expected, IFNG expression was significantly reduced in 157 

IFNKO CAR-T compared to KO (Supplementary Fig. 2o). Collectively, these data 158 

demonstrate that IFN can be effectively blocked in CAR T cells by both pharmacologic and 159 

genetic approaches without significantly altering CAR T cell subsets, viability, or transcriptional 160 

profiles.  161 

 162 

IFN is not required for effective CAR-T therapy in CD19
+
 hematologic malignancies 163 

We next sought to determine how the loss of IFN would affect CAR-T lysis of tumor cells in 164 

vitro and in vivo. ELISA analysis confirmed that while IFN was decreased, protein levels of 165 

cytotoxic granules, such as granzyme B, were not different in antibody-blocked CAR T cells in 166 

response to antigen stimulation with CD19
+
 cancer cells (Fig. 2a). Luciferase-based assays 167 

revealed that CAR T cells lysed JeKo-1, Nalm6, and Raji tumor cells in the presence of IFN 168 

blockade (5 and 20g/ml) (Fig. 2b). Collectively, blocking IFN through antibody blockade had 169 

no effect on CAR-T cytotoxicity against CD19-expressing tumor cells in vitro.  170 

 171 

To determine if IFN was required for CAR-T anti-tumor efficacy in vivo, JeKo-1 lymphoma 172 

cells were intravenously (IV) injected into NSG mice seven days prior to treatment with CD19-173 

directed BB CAR-T in combination with intraperitoneal injections of IFN blocking antibody 174 

or control IgG antibody (Fig. 2c). To evaluate the efficacy of the antibody blockade in vivo, 175 
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serum was collected, and it was confirmed that IFN was reduced in mice receiving IFN 176 

blockade (Fig. 2d). All mice receiving BB CAR T cells, regardless of IFN blockade, 177 

efficiently cleared the lymphoma (Fig. 2e,f). Further assessment revealed a similar CAR-T 178 

engraftment level in the blood and comparable overall survival of all treated mice (Fig. 2g,h). A 179 

similar protocol was followed using NSG mice bearing the more aggressive Nalm6 leukemia 180 

cells and confirmed that antibody blockade of IFN did not impact CAR-T persistence or 181 

efficacy in vivo (Fig. 2i-n). Interestingly, Nalm6-bearing mice that received anti-IFN blocking 182 

antibody displayed significantly greater survival compared to mice received BB + IgG or BB 183 

alone. 184 

 185 

We next sought to determine how the genetic deletion of IFN affected CAR-T therapy of 186 

CD19
+
 malignancies. Like the blocking antibodies, IFNKO CAR-T had reduced production of 187 

IFN but maintained Granzyme B expression and effectively lysed tumor cells in vitro (Fig. 188 

3a,b). Tumor-bearing mice treated with IFNKO CAR-T exhibited reduced serum IFN levels 189 

but similar tumor clearance, engraftment, and survival as KO CAR-T-treated mice using both 190 

lymphoma (Fig. 3c-h) and leukemia (Fig. 3i-n) mouse models. Given that CD19-specific CAR T 191 

cells utilizing a CD28 costimulatory domain (28) can also produce IFN and mediate toxicities 192 

and responses in patients, we next assessed whether IFN is required for tumor clearance by 28 193 

CAR-T. We generated KO and IFNKO CAR-T with a CD28 costimulatory domain 194 

(Supplementary Fig. S3a) and assessed their cytotoxic capacity against Nalm6 leukemia cells. 195 

Like BB knockout CAR-T, IFN KO had no impact on cytotoxicity against leukemia cells by 196 

28 CAR-T in vitro (Supplementary Fig. S3b), and other than having reduced levels of IFN in 197 

serum (Fig. 3o,p) did not behave differently than IFN-replete CAR T in vivo (Fig. 3q). These 198 
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data confirm that IFN production by CAR T cells appears to be dispensable for effective BB 199 

and 28 CAR-T function in the setting of CD19
+
 malignancies.  200 

 201 

Given the established role of IFN as a marker of T cell effector function, the finding that it is 202 

dispensable for effective cytotoxicity against CD19
+
 tumor cells was surprising. To determine if 203 

this was isolated to tumors expressing CD19, we next generated CAR T cells specific for the B-204 

cell maturation antigen (BCMA), which is now an established target in multiple myeloma 205 

(Supplementary Fig. S3c). Specific antibody-mediated blockade of IFN production and not 206 

other cytokines was confirmed using BCMA-BB CAR T cells co-cultured with the BCMA-207 

expressing multiple myeloma cell line RPMI-8226 at various effector-to-target ratios 208 

(Supplementary Fig. S3d). As with leukemia and lymphoma tumors, loss of IFN had no 209 

impact on in vitro cytotoxicity against two different myeloma cell lines, either by antibody 210 

blockade (Supplementary Fig. S3e) or IFN genetic knockout (Supplementary Fig. S3f); these 211 

data suggest that IFN production by CAR-T does not have an essential role in mediating 212 

cytotoxicity against hematologic malignancies.  213 

 214 

Although the role of IFN in CAR-T therapy for hematologic malignancies has not been 215 

previously reported, it is thought to play  a role in solid tumors. To determine if IFN production 216 

by CAR T cells impacts cytotoxicity against solid tumors in similar assays, we generated KO and 217 

IFNKO CAR-T targeting mesothelin antigen with the SS1 scFv and assessed their capacity to 218 

lyse the pancreatic adenocarcinoma cell lines BxPC-3 and Capan-2 tumor cells in overnight and 219 

real-time killing assays (Supplementary Fig. S3g-i). We found that pancreatic tumor lines had 220 

moderate resistance to mesothelin-targeted CAR-T in the absence of IFN. Similarly, we found 221 
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that antibody blockade of IFN dampened cytotoxicity of anti-EGFR CAR T cells against the 222 

EGFR
+
 glioblastoma cell line U87 in vitro (Supplementary Fig. S3j,k). Collectively, these data 223 

suggest that IFN may have differential impacts on anti-tumor efficacy of CAR T cells in 224 

hematologic versus solid malignancies.   225 

 226 

IFN knockout reduces immune checkpoint proteins and increases 28 CAR-T 227 

proliferation 228 

Based on previous reports of IFN upregulating immune checkpoint proteins, such as PD-1 (4) 229 

and CTLA-4 (5), we next sought to evaluate how the loss of IFN would affect the expression 230 

profile of immune checkpoint proteins in CAR T cells. Given that innate immune cells, such as 231 

macrophages, amplify the IFN signal and could thereby increase its upregulation of immune 232 

checkpoint proteins, we assessed how the loss of IFN in CAR-T affects their phenotype in the 233 

absence and presence of macrophages. To do this, we generated KO and IFN KO CAR-T from 234 

healthy donors, co-cultured them with Nalm6 leukemia cells at an effector-to-target (E:T) ratio 235 

of 1:10 with or without donor-matched GMCSF-activated macrophages for five days, and 236 

assessed for immune checkpoint proteins and CAR-T proliferation. Regardless of macrophage 237 

presence, IFNKO BB CAR-T had similar proliferative capacity as KO CAR-T 238 

(Supplementary Fig. 4a) but exhibited a slightly reduced expression of the immune checkpoint 239 

proteins Lag3, PD-1 and Tim3 as shown by lower mean intensity (Supplementary Fig. 4b) and 240 

frequency (Supplementary Fig. 4c), particularly in the CD4
+
 subset of macrophage-treated 241 

cultures.   242 

 243 

Association for Cancer Research. 
 by guest on December 16, 2021. Copyright 2021 Americanhttps://bloodcancerdiscov.aacrjournals.orgDownloaded from 

https://bloodcancerdiscov.aacrjournals.org


Based on previous preclinical and clinical data, CAR-T containing the CD28 costimulatory 244 

domain have greater antigen sensitivity and cytotoxic activity but increased inhibitory proteins 245 

and reduced persistence compared to CAR-T containing the 4-1BB costimulatory domain 246 

(18,19); therefore, we next sought to determine how 28 CAR-T are affected by the loss of IFN. 247 

In contrast to BB CAR-T, IFNKO 28 CAR-T had significantly greater expansion compared 248 

to KO CAR-T in the absence and presence of macrophages (Supplementary Fig. 4d). We 249 

further found that IFNKO CD4
+
 and CD8

+
 CAR-T had reduced upregulation of PD-1, Tim3, 250 

and Lag3 compared to KO CAR-T (Supplementary Fig. 4e,f), regardless of the presence or 251 

absence of macrophages in the culture. The percentage of Lag3, PD-1, and Tim3 expressing 252 

CAR T cells was consistently lower in the IFN-deficient group, though it was only statistically 253 

significant for Tim3 in CD4
+
T cells. Altogether, these data reveal that IFN plays a role in the 254 

upregulation of immune checkpoint proteins on CAR T cells and suggests that IFN signaling 255 

restricts the expansion of CAR T cells, especially those with CD28 signaling domains. 256 

 257 

Establishing macrophage activation models to mimic patient cytokine profiles 258 

Given the role of IFN in innate immune activation (1,2) and the correlation between high IFN 259 

serum levels and CRS/macrophage activation syndrome (MAS) in the clinic (20,21), we next 260 

sought to determine if the absence of IFN could mitigate CAR-mediated macrophage activation. 261 

We have treated lymphoma patients with either tisagenlecleucel or axicabtagene ciloleucel CAR-262 

T products and have collected toxicity data and serum samples early in their course under an 263 

IRB-approved protocol. We selected serum samples from patients who later went on to develop 264 

cytokine-related toxicities, namely CRS, MAS, or ICANS, in the first two weeks after CAR-T 265 

infusion (Fig. 4a). Cytokine profiles were first measured from serum samples collected 2-5 days 266 
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post-infusion, prior to treatment with tocilizumab, steroids, and/or anakinra (in all but one patient 267 

who received tocilizumab early), in order to avoid skewing of cytokine profiles after cytokine-268 

directed interventions. Serum cytokines were graphed individually (Supplementary Fig. 5a,b) 269 

and by mean total (Supplementary Fig. 5c,d). In agreement with previous studies, patients with 270 

documented CRS and/or ICANS had elevations in IFN, IL-6, IL-10, IP-10, MCP-1, and MIP-1 271 

as compared to control patients who did not experience CRS or ICANS. Of note, CXCL9 and 272 

CXCL10 (IP-10) are both driven by IFN, upregulated in patients with HLH and CRS (12), and 273 

are reduced following clinical administration of the IFN blocking antibody, emapalumab (22-274 

24)  275 

(CXCL9 was not included in our Luminex panel). 276 

 277 

Our goal was to mimic the patient cytokine profile in vitro using T cells and 278 

monocytes/macrophages from healthy donors. CAR T cells made from these donors were co-279 

cultured with Nalm6 tumor cells, and their supernatants, which contain cytokines produced 280 

during CAR T cell activation, were collected. Monocytes from the same donors were left 281 

untreated or differentiated into various macrophage subsets (M0, M1, M2, GMCS-activated) and 282 

exposed to donor-matched supernatant from the CAR-T:Nalm6 co-cultures. Based on comparing 283 

the cytokine profiles after supernatant exposure to our patients’ serum cytokine profiles, 284 

GMCSF-activated macrophages were the closest match, with increased IL-6, IP-10, and MCP-1 285 

production compared to baseline (Supplementary Fig. 6a-c). We then further developed the 286 

GMCSF macrophages as in vitro model of human CAR T cell induced CRS. To determine how 287 

GMCSF-activated macrophages responded to circulating cytokines from patients who had 288 

developed CAR T cell induced CRS, we added serum from the axicabtagene ciloleucel (axi-cel) 289 
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or tisagenlecleucel (tisa-cel) treated patients directly to healthy donor-derived macrophages for 290 

48 hours and then measured the cytokine profiles by Luminex (Fig. 4b) (of note, the sample 291 

from the patient who had received tocilizumab prior to serum collection was excluded in this 292 

experiment, due to the effect of tocilizumab on measurements of IL-6). Macrophage cultures 293 

exposed to serum from patients who went on to develop cytokine-mediated toxicities after axi-294 

cel or tisa-cel exhibited an elevated production of IL-1, IL-8, IP10, MCP-1, MIP-1, and MIP-295 

1 (Fig. 4c; mean values), all of which were absent or reduced in macrophage cultures treated 296 

with control patient samples (no CRS; Supplementary Fig. 6d; mean values). 297 

 298 

To build fully in vitro models that could recapitulate the macrophage-activation cytokine profiles 299 

from patients,   we refined our GMCSF macrophage activation system to test in vitro CAR-300 

T/tumor interactions into  contact-dependent (CAR-T + tumor cells + macrophages) and contact-301 

independent (CAR-T + tumor cells --> supernatant to macrophages) culture systems. We first 302 

confirmed macrophage activation in the contact-dependent model by identifying increased 303 

expression of inflammatory proteins IL-1, IL-6, and IP-10 and T cell cytokines IFN, IL-8, and 304 

IL-10 compared to CAR-T and tumor cell cultures alone (Supplementary Fig. 7a). Contact-305 

dependent cultures with control KO BB and KO 28 CAR-T yielded broad macrophage 306 

activation as defined by elevated levels of IFN, IL-6, IL-8, IL-10, IL-13, MCP-1, MIP-1, and 307 

MIP-1 in response to both Nalm6 and JeKo-1 target cells (Fig. 4d,e). Due to the similarity 308 

between the two cell lines, and for simplicity, we chose to move forward with just the Nalm6 309 

leukemia model. For the contact-independent approach, supernatant from Nalm6:KO CAR-T 310 

cultures was added to donor-matched macrophages and assessed for cytokine secretion (Fig. 4f). 311 

Like the first model, both BB and 28 KO CAR-T elicited strong macrophage responses, as 312 
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seen by increased production of IL-1, IL-6, IL-8, IP-10, MCP-1, MIP-1, and MIP-1 (in E+T-313 

->M cultures) compared to CAR-T and tumor cell cultures alone (E+T; Fig. 4g). Both in vitro 314 

approaches showed similar cytokine expression patterns to the patient samples, especially 315 

following macrophage addition. Although neither approach exactly recapitulated the profile of 316 

every patient sample, all the upregulated cytokines and chemokines identified in these models 317 

have been reported in patients with CRS. Therefore, these in vitro systems provide a rapid, 318 

robust, and scalable model of CAR-T cell induced macrophage activation, which we could then 319 

leverage to assess the role of IFNin catalyzing cytokine-related toxicities, and as well as to 320 

measure the effects of other drugs and downstream cytokine pathways. 321 

 322 

IFN-deficient CAR-T reduce macrophage activation in a contact-independent manner. 323 

Prior to determining how IFN augments macrophage activation, we first confirmed the 324 

generation of mature macrophages based on the upregulation of CD86 and inducible nitric oxide 325 

synthase (iNOS) (Fig. 5a). Next, we sought to verify that IFN could trigger measurable IFN 326 

receptor signaling in GMCSF-activated macrophages by showing increased phosphorylation of 327 

JAK1 and STAT1 in response to recombinant human IFN (Fig. 5b). To determine how the loss 328 

of IFN affects the contact-dependent cell culture model introduced in Fig. 4b, donor-matched 329 

KO or IFNKO CAR-T were co-cultured with CD19
+
 Nalm6 cells plus or minus donor-matched 330 

GMCSF-activated macrophages and supernatant was collected at 6, 24, 48, and 72 hours 331 

(Supplementary Fig. 7b-e). Cytokine analysis of BB and 28 cultures revealed that while KO 332 

and IFNKO CAR-T had similar inflammatory profiles in the absence of macrophages 333 

(Supplementary Fig. 7c), macrophage-containing IFNKO cultures exhibited decreased 334 
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activation/function as shown by lower levels of IL-1, IL-6, IP-10, and MCP-1 (Supplementary 335 

Fig. 7e).  336 

 337 

To determine if this reduction in macrophage activation was contact-dependent, supernatant from 338 

CAR-T:Nalm6 co-cultures was added to donor-matched GMCSF-activated macrophages for 48 339 

hours, and then resulting supernatants were collected and analyzed for cytokines (Fig. 5c). Like 340 

our initial co-culture system, we found that macrophage activation was diminished when using 341 

supernatant from either BB or 28 IFNKO CAR-T cultures, suggesting that this effect is not 342 

contact-dependent (Fig. 5d,e). To confirm that the reduced levels of cytokines/chemokines in 343 

these cultures was specifically and mechanistically due to the loss of IFN, we added IFN 344 

blocking antibody to KO CAR-T or added recombinant IFN to IFNKO CAR T cultures to see 345 

if the macrophage phenotypes could be reversed simply by the deletion or addition of IFN. We 346 

found that manipulation of IFN alone was able to reverse the functional profile of macrophages 347 

in both BB (Fig. 5f,g) and 28 (Fig. 5h,i) cultures as shown by mean total expression (Fig. 348 

5f,h) and fold-change (Fig. 5g,i), thereby confirming the dominant role of IFN in macrophage 349 

response to CAR-T activation.  350 

 351 

In addition to measuring cytokine production as a functional assay of macrophage activation, we 352 

confirmed reduced activation of macrophages in response to BB and 28 IFNKO CAR-T by 353 

measuring surface expression of the macrophage activation markers CD86/CD69 and 354 

downstream IFNreceptor signaling pathway (pJAK1, pJAK2, pSTAT1) (Fig. 5j,k; 355 

Supplementary Fig. 8a,b). Furthermore, macrophages treated with IFNKO CAR-T showed 356 
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reduced expression of the checkpoint inhibitory molecule PD-L1. Overall, these data further 357 

confirm that CAR T cells induce macrophage activation in an IFN-dependent manner.  358 

 359 

Although two murine in vivo CRS models have been reported, these approaches are quite 360 

challenging, because of the need to start with large numbers of T cells to account for CRISPR 361 

editing and isolation of successful knockout CAR T cells (25), and because of the lack of cross-362 

reactivity between human and mouse IFN. Therefore, we sought to establish a hybrid in 363 

vivo/in vitro model in which macrophage activation could be assessed. To this end, serum from 364 

Nalm6-bearing, KO or IFNKO CAR-T-treated mice was added to donor-matched macrophages 365 

in vitro and then profiled by Luminex (Fig. 6a). At baseline, mouse serum (prior to its addition 366 

to macrophages), had slightly higher but not significant (aside from IFN) cytokine levels after 367 

treatment with KO CAR T cells compared to those treated with untransduced T cells (UTD), 368 

IFNKO CAR-T, or mice with tumor alone (Fig. 6b,c). However, the differences in cytokine 369 

profiles among the groups were further amplified when mouse serum was added to donor-370 

matched GMCSF-activated macrophages. In particular, the macrophage-activation associated 371 

cytokines identified in our lymphoma patients (IL-6, IP10, MCP-1, MIP-1) were elevated when 372 

adding sera from KO CAR-T treated mice compared to IFNKO CAR-T in both BB (Fig. 6d-f) 373 

and 28 (Fig. 6g-i) cultures. Fluorescent imaging confirmed reduced macrophage activation, 374 

IFN receptor signaling and PD-L1 expression in macrophages exposed to BB or 28 IFNKO 375 

CAR-T (Fig. 6j,k; Supplementary Fig. 8c,d). We also noted that the absolute levels of human 376 

cytokines recovered from mouse sera were much lower than in the supernatants recovered from 377 

in vitro co-cultures of CAR T cells with tumor cells (as indicated by the scales in the heatmaps of 378 

Fig. 4 compared to Fig. 6). However, the levels of human cytokines recovered from mouse sera 379 
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were closer in scale to the concentrations recovered from human patients. Thus, using hybrid 380 

mouse/human mixed in vivo/in vitro models enabled us to evaluate macrophage activation in 381 

response to CAR-T therapies and demonstrate the principal role of IFNin this interplay.  382 

 383 

IFNblockade reduces macrophage activation to a greater extent than current clinical 384 

biologic approaches. 385 

We next wanted to compare how targeting IFN in CAR T cells would compare to current 386 

clinical practices for treating CRS and macrophage activation, which are typically based on 387 

blocking IL-6R (27) (tocilizumab) or IL-1 (28) (with anakinra, an IL-1RA competitor). To this 388 

end, we leveraged our contact-independent co-culture system and used blocking antibodies 389 

against IFN, IL-1R and IL-6R in cultures of macrophages with conditioned media from IFN-390 

replete BB or 28 CAR-T co-cultured with CD19
+
 targets (Supplementary Fig. 9a). Cultures 391 

treated with IFN blockade showed significant reduction in IFN, IL-1, IL-8, and IP-10 as 392 

well as slightly reduced levels of IL-6 and MCP-1 compared to no treatment or traditional anti-393 

IL1R and IL-6R blocking strategies (Supplementary Fig. 9b). Although we primarily chose to 394 

focus on GMCSF-activated macrophages due to their cytokine profile, we verified that IFN-395 

deplete CAR-T cultures yielded reduced macrophage activation (as measured by IL-6 396 

production) in M0, M1, M2 and mixed macrophage populations similar to that of the GMCSF-397 

activated subset (Supplementary Fig. 9c). While macrophages play a role in the development of 398 

CRS (26), it has also been reported that monocyte-derived IL-1 and IL-6 contribute to CRS and 399 

neurotoxicity (25,29). To determine how IFN inhibition affects monocyte function, we repeated 400 

these experiments using donor-matched monocytes and saw a reduction of IFN, IL-6, IP-10, 401 

and MCP-1 using both BB and 28 CAR constructs (Supplementary Fig. 9d,e). Overall, these 402 
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data suggest that blocking IFN reduces macrophage and monocyte activation at least as well as, 403 

if not more than, current clinical approaches. 404 

 405 

Finally, we sought to determine how various blocking antibodies would affect the macrophage 406 

response to serum collected from B-cell lymphoma patients treated with tisagenlecleucel or 407 

axicabtagene ciloleucel CAR-T products (introduced in Fig. 4). We used these serum samples 408 

and added it to healthy donor GMCSF-activated macrophages in the absence or presence of 409 

blocking antibodies. Macrophage responses after 48 hours were assessed by measuring cytokine 410 

production and targeted RNA sequencing (Fig. 7a). We found that blocking IFN in sera from 411 

tisagenlecleucel patients led to similar macrophage responses compared to blockade of IL-1R 412 

(IL1R) and IL-6R (IL6R), with additional reductions in IFN, IL-1, IL-6, and IP10 (Fig. 413 

7b; Supplementary Fig. 10a). Serum collected from the patient who had already received three 414 

doses of tocilizumab prior to collection (orange dot) revealed increased expression of IP-10 that 415 

was only reduced by IFN blockade. Furthermore, all patients had increased IL-6 levels 416 

following IL6R blockade in vitro. Given the likely role of IL-6 in ICANS (25,30), which can be 417 

especially elevated in patients treated with tocilizumab (31) and is simulated herein, these data 418 

highlight the potential for IFN blockade to manage or prevent both CRS and ICANS.  419 

 420 

Transcriptional analysis revealed a distinct profile of differentiated genes for macrophages 421 

treated with serum from tisagenlecleucel-treated patients in the presence of IL-6R, IL-1R, or 422 

IFN blocking antibodies compared to control macrophages devoid of antibody blockade 423 

(Supplementary Fig. 10b; Supplementary NanoString sequencing data file). Pathway 424 

scoring in tisagenlecleucel patients showed strong clustering between no treatment/IL6R as 425 
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well as between IFN/IL1R (Fig. 7c; Supplementary Fig. 10c), with the former group 426 

having heightened angiogenesis and ECM remodeling pathways compared to IFN and 427 

IL1R. While macrophages treated with patient serum plus IL1R or IFN blockade 428 

clustered together, these subsets maintained distinct transcriptional profiles (Supplementary 429 

Fig. 10d). Building on our previous findings showing that IFN affects immune checkpoint 430 

protein expression, IFN-treated macrophages exhibited upregulation of costimulatory genes, 431 

including DPP4 and ICOSLG (Fig. 7d; Supplementary Fig. 10e,f), which have been implicated 432 

in enhanced CAR-T therapy(32,33), and a reduction of coinhibitory genes such as HAVCR2 and 433 

PDCD1LG2 (Fig. 7e; Supplementary Fig. 10g). Similar findings occurred in cultures treated 434 

with sera from patients who received axicabtagene ciloleucel with an additional reduction of 435 

MIP-1 (Fig. 7f-i; Supplementary Fig. 10h-n). Collectively, these data reveal that IFN 436 

blockade could reduce macrophage activation and potentially mitigate major cytokine-related 437 

toxicities (CRS, MAS, and ICANS) in the clinic. Furthermore, blocking IFN increased 438 

costimulatory genes and reduced immune checkpoint genes to a similar or greater extent than 439 

current clinical approaches, which could enhance CAR-T function and persistence in patients, 440 

thus improving the both the efficacy and toxicity profiles of this powerful therapy. 441 

 442 

DISCUSSION 443 

Although IFN production is frequently used as a measure of antigen-specific T cell and CAR-T 444 

effector function and potency, we hypothesized and demonstrated that IFN production was not 445 

essential for anti-tumor efficacy in hematologic malignancies. Our findings are supported by 446 

recent data from Singh et. al., who reported that in an unbiased genome-wide CRISPR screen of 447 

Nalm6 leukemia cells, defects in programmed cell death pathways mediated resistance to CAR-T 448 
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cell mediated cytotoxicity (34), but there was no evidence for a role of IFNR or its signaling 449 

pathway proteins in conferring resistance to CD19-directed CAR T cells. We focused on 450 

hematologic malignancies for testing our hypothesis on the role of IFN because these are the 451 

currently approved and successful indications for CAR T cells and where the incidence and 452 

severity of cytokine-related toxicities are clinically significant. We recognize that IFNmay play 453 

a different role in solid tumors, based on data presented here as well as in in other emerging 454 

work from our laboratory that identified IFN receptor signaling as a resistance pathway in solid 455 

tumors(10).  456 

 457 

Our data also reveal that despite being dispensable for direct cytotoxicity of CAR T cells, IFN 458 

plays two major roles in this context: 1) IFN dampens T cell proliferation, especially in CAR-T 459 

containing a CD28 costimulatory domain, and mediates upregulation of inhibitory checkpoint 460 

proteins and 2) IFN drives macrophage activation and subsequent production of pro-461 

inflammatory cytokines/chemokines. Checkpoint blockade therapy has been combined with 462 

CAR-T therapy to increase CAR-T persistence with modest effects (35,36), and combinations of 463 

IL-1R and IL-6R blockades have been used to mitigate clinical toxicities driven by macrophage 464 

activation (37,38). Data herein suggests that both of these goals, of reducing immune checkpoint 465 

proteins and macrophage activation,  could be simultaneously accomplished by blocking or 466 

deleting IFN. In this study, we found that immune checkpoint protein expression was reduced, 467 

but not absent, on both BB and 28 IFNKO CAR-T; however, this only translated to a 468 

significantly greater in vitro proliferation in 28 CAR-T. These findings suggest that while IFN 469 

depletion could enhance CAR-T survival and persistence via reduced immune checkpoints, there 470 

are most likely additional factors driving the rapid growth of 28 CAR-T. We recognize that 471 
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clinically, reduction of immune checkpoint proteins also has potential to elicit or amplify 472 

toxicities not driven by IFN and its downstream effects (39). In addition, in vivo antibody 473 

blockade of IFN would be expected to affect all T cells, not just CAR-T cells, and may result in 474 

increased susceptibility to infections.   475 

 476 

The strength of our work lies in the use of dual, non-overlapping approaches antibody blockade 477 

and genetic deletionto specifically examine the role of a single cytokine; the use of CAR T cells 478 

bearing both costimulatory domains that are in widespread use (4-1BB and CD28); the use of 479 

multiple specificities, target antigens (CD19, BCMA, EGFR, mesothelin), and tumor histologies 480 

(leukemia and lymphoma, multiple myeloma, glioblastoma, and pancreatic adenocarcinoma, 481 

respectively); and the development of novel, scalable, and robust models of in vitro and hybrid in 482 

vivo/in vitro macrophage activation that were optimized to mimic cytokine profiles from patient-483 

derived samples. Although we did not test the impact of IFN blockade or deletion in immune 484 

competent models, recent work from the Fry lab showed that blocking IFN in an immune-485 

competent mouse model of leukemia did not diminish tumor clearance in mice treated with 486 

wildtype CAR-T, supporting our findings (40). Our work focused on the interaction of CAR-487 

produced IFN with macrophages and monocytes; however, IFN is known to interact with other 488 

cells, including stromal and endothelial cells (41), which were not tested herein. While 489 

immunocompetent mouse models would allow us to more fully test the impact of IFN on other 490 

hematopoietic cells and non-hematopoietic tissues, the differences in human and murine biology, 491 

in addition to the those in tumor-associated antigens and CAR constructs for these species, may 492 

not provide a true picture of the biology most relevant to human patients. For example, 493 

syngeneic models do not develop the clinical syndrome of CRS the way patients do (for 494 
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example, mice do not develop fever or measurable hypotension or cognitive dysfunction), and 495 

the lack of cross-reactivity with IFN/IFNR also makes it especially difficult to study this 496 

specific axis in mice (26).  497 

 498 

A sophisticated humanized model of CRS has been published (25), but  the complexities inherent 499 

to this model  have made it challenging for widespread implementation; one finding from this 500 

model was that IFN was one of the most upregulated cytokines that led to enhanced production 501 

of IL-1 and IL-6. Here, we focused evaluating more scalable in vitro and hybrid models that 502 

could best recapitulate the cytokine and chemokine profiles observed in patients as they develop 503 

CRS (i.e. IFN, IL-6, IP-10, MCP-1, MIP-1) and that have been previously correlated clinically 504 

with cytokine-mediated syndromes, including CRS, MAS, and HLH  (12). Based on various in 505 

vitro models testing co-cultures and supernatants from CAR T cells with tumors and 506 

macrophages that had been derived from monocytes through various differentiation protocols 507 

(including monocytes, M0, M1, M2, and GM-CSF-stimulated macrophages), we found that the 508 

in vitro culture system using supernatants from CAR T cells cultured with tumor cells, added to 509 

GM-CSF-macrophages, best recapitulated the cytokine profiles observed in patients; our hybrid 510 

model, using sera from tumor-bearing mice treated with CAR T cells, also replicated the 511 

cytokine profiles from patients when added to GM-CSF macrophages, but generally produced 512 

lower levels of IL-6 than the in vitro models, likely due to lower overall concentrations of human 513 

IFN recovered from mouse sera. Although no model perfectly recapitulates the human clinical 514 

toxicity, we are optimistic that these in vitro and hybrid models will prove to be useful, scalable 515 

and of interest to the field.  516 

 517 
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In vitro comparisons of IFN blockade or knockout in the CAR T cell product with currently 518 

used clinical strategies suggested that targeting IFN could mitigate major cytokine-related 519 

toxicities to a greater extent than existing approaches. Although early intervention with 520 

tocilizumab did not interfere with CAR-T efficacy in clinical trials, it also did not prevent or 521 

ameliorate neurotoxicity, and inflammatory cytokines such as IFN and MIP-1 remained 522 

elevated (37). A clinical trial using prophylactic administration of tocilizumab was found to 523 

reduce severe CRS but increased neurotoxicity, likely due to elevated IL-6, which tocilizumab 524 

does not reduce (38). While clinical trials are still ongoing, an early report on the use of anakinra 525 

prophylaxis in patients with multiple myeloma treated with CAR-T reported fewer grade 2 526 

events in patients and reduced need for corticosteroids, but the overall frequency of cytokine 527 

release syndrome was similar to the non-randomized control group, though there were no grade 3 528 

or higher events reported (42). Collectively, these studies reveal that although early/prophylactic 529 

intervention with antibodies targeting the IL-1 and IL-6 pathways do not diminish CAR-T 530 

efficacy, they may not entirely mitigate CRS or neurotoxicity. A recent study has suggested that 531 

like IFN, upstream activators of macrophage activation, such as GM-CSF, can be targeted to 532 

reduce CAR-mediated toxicities (43). While a direct comparison between IFN and GM-CSF 533 

blockade was initially planned herein, only 3 of the 12 patients in this study had detectable GM-534 

CSF in their sera, suggesting that this cytokine may not be a key mediator of CRS in our sample 535 

of lymphoma patients.  536 

 537 

There has been understandable hesitation to administer IFN blocking antibodies to patients with 538 

severe cytokine-related toxicities, especially since these are frequently reversible with existing 539 

clinical measures, and because the risk of abrogating an anti-tumor response in patients with 540 
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relapsed or refractory disease has been considered high. Furthermore, blocking antibodies to 541 

IFN received their first and only FDA approval in November 2018, for primary HLH, and they 542 

are still expensive and difficult to obtain for off-label uses. Our data suggests that IFN may not 543 

be critical for CAR-T efficacy in hematologic malignancies but could mitigate cytokine-related 544 

toxicities by reducing macrophage/monocyte activation and function, specifically IL-1, IL-6, 545 

IP-10, and MCP-1. In agreement with our hypothesis, recent clinical work by McNerney et. al 546 

revealed that IFN blockade can mitigate CRS in CAR-T patients without compromising anti-547 

tumor efficacy(17). Our data suggest that IFN deletion from CAR T cell products, is a specific 548 

and viable strategy that could improve CAR T cell efficacy and also prevent or mitigate 549 

cytokine-related toxicities in hematologic malignancies.  550 

 551 

METHODS 552 

CAR design 553 

Four CAR constructs (two anti-CD19, one anti-BCMA, and one anti-EGFR) were synthesized 554 

and cloned into a second-generation lentiviral backbone under the regulation of a human EF-1 555 

promoter. For CD19, one construct contained a CD8 transmembrane domain in tandem with an 556 

intracellular 4-1BB costimulatory domain and a CD3 signaling domain (BB), while the second 557 

was identical, but with a CD28 costimulatory domain replacing 4-1BB (28). For BCMA and 558 

EGFR constructs, the CD8 transmembrane domain was in tandem with intracellular 4-1BB and a 559 

CD3 signaling domain. Eight additional constructs were created as described above but 560 

containing guide RNA sequences for TRAC (AGAGTCTCTCAGCTGGTACA) +/- IFN 561 

(CCAGAGCATCCAAAAGAGTG). Pilot studies were performed using multiple guide RNA 562 

sequences from the Brunello library (44) to each target, but only the most effective guides were 563 
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used for the final constructs, including: TRAC (AGAGTCTCTCAGCTGGTACA) and IFN 564 

(CCAGAGCATCCAAAAGAGTG). Using these guide sequences, KO and IFNKO CAR 565 

constructs were made to target CD19 (two with 4-1BB, two with CD28), BCMA (two with 4-566 

1BB) and mesothelin (two with 4-1BB). All constructs contained a transgene coding the 567 

fluorescent reporter, mCherry, to determine transduction.  568 

 569 

CRISPR/Cas9 Guide Selection 570 

The IFN-producing T cell line, SMZ-1, was transduced to constitutively express CBG-GFP and 571 

stable Cas9 with puromycin resistance for selection. Four IFN-targeted guides 572 

(G1=CCAGAGCATCCAAAAGAGTG, G2=TGAAGTAAAAGGAGACAATT, 573 

G3=TGCAGGTCAGATGTAG, G4=TTCTCTTGGCTGTTACTGC) were purchased from the 574 

Brunello library (44) (Broad Institute) and assessed for their ability to knockout IFN in SMZ-1 575 

cells. A GFP guide was used as a control to verify Cas9 activity and rule out non-specific IFN 576 

targeting by knocking out GFP in SMZ-1 cells without affecting IFN production. Two of the 577 

four guides (G1 and G2) deleted IFN production in SMZ-1 cells compared to UTD and GFP 578 

control. These guides were incorporated into CAR constructs, and although both specifically 579 

reduced IFN production in the SMZ-1 cell line, only guide 1 effectively reduced IFN in 580 

primary CAR T cells; therefore, this guide was chosen for further studies. 581 

 582 

CAR-T production 583 

Human T cells were isolated from the peripheral blood of anonymous healthy donor 584 

leukapheresis product (Stem Cell Technologies) purchased from the MGH blood bank under an 585 

Institutional Review Board-approved protocol. T cells were re-suspended in R10 media (RPMI 586 
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1640 + 10% FBS + Pen/Strep) supplemented with 20IU/ml IL-2 and activated using anti-587 

CD3/CD28 Dynabeads (Life Technologies) at a 1T:3B ratio. Twenty-four hours post-activation, 588 

T cells were transduced with one of the lentiviral vectors encoding anti-CD19, BCMA, 589 

mesothelin, or EGFR CAR constructs described above. Cells were de-beaded five days post-590 

activation and expanded in the presence of 20IU/ml IL-2. For knockout CAR-T, T cells were re-591 

suspended at 5e
6
/100l in Opti-Mem (Thermo Fisher) after de-beading on day 5 and 592 

electroporated with 10g Cas9 mRNA (TriLink) at 360V x 001ms. Three to five days later, CD3
-
 593 

T cells were isolated by column purification (EasySep Human APC Positive Selection Kit II; 594 

STEMCELL Technologies) or flow-based cell sorting using the BD FACSAria. Deletion of CD3 595 

(TRAC) and IFN was confirmed by flow cytometry and ELISA. Transduction efficiency was 596 

determined using mCherry
 
expression by flow cytometry. For all functional assays, CAR-T and 597 

KO CAR-T were normalized for transduction efficiency.  598 

 599 

Mice and cell lines 600 

NSG mice were purchased from Jackson Laboratory and bred under pathogen-free conditions at 601 

the MGH Center for Comparative Medicine. All experiments were performed according to 602 

protocols approved by the MGH Institutional Animal Care and Use Committee. The human 603 

SMZ-1, JeKo-1, Nalm6, Raji, MM.1S, RPMI-8226, BxPC-3, Capan-2, and U87 cell lines were 604 

purchased from American Type Culture Collection (ATCC). All cell lines were authenticated 605 

and regularly tested for mycoplasma. Cell lines were engineered to constitutively express click 606 

beetle green luciferase (CBG) and enhanced GFP (GFP) prior to sorting on FACSAria (BD) to 607 

obtain a 99% CBG-GFP
+
 population. SMZ-1, JeKo-1, Nalm6, Raji, MM.1S, RPMI-8226, and 608 

BxPC-3 cell lines were cultured in R10 media (RPMI1640 + 10%FBS + 609 
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Penicillin/Streptomycin). Capan-2 and U87 cell lines were culture in D10 media (DMEM + 610 

10%FBS + Penicillin/Streptomycin).  611 

 612 

Blocking antibodies 613 

IFN was pharmacologically blocked with 0.1-20g/ml Purified NA/LE Mouse Anti-Human 614 

IFN- Clone NIB42 or control anti-IgG1 Mouse Isotype Control Clone 107.3 (BD Biosciences). 615 

Blocking and control antibodies were refreshed every 24 hours as needed. To block IL-1R and 616 

IL-6R, Il1r Monoclonal Antibody (10309) (Thermo Scientific) and Tocilizumab (Selleck 617 

Chemicals) were added to cultures at 10g/ml and 5g/ml, respectively, and refreshed every 24 618 

hours as needed.  619 

 620 

ELISA 621 

CAR T cells were activated for 6 hours using Cell Activation Cocktail without Brefeldin A 622 

(BioLegend) or at varying E:T ratios with target (Nalm6, JeKo-1, MM.1S, RPMI-8226) cells for 623 

18 hours and supernatant was collected. Cytokine levels of IFN, IL-2, GM-CSF, TNF- and 624 

Granzyme B was measured according to manufacturer's protocol using Human DuoSet ELISA 625 

kits (R&D). 626 

 627 

Flow cytometry 628 

The following antibodies were purchased for flow cytometry from BioLegend: CCR6-PE/Cy7 629 

(Clone G034E3), CD3-APC (Clone OKT3), CD45RO-APC, CD62L-FITC (Clone DREG-56), 630 

CTLA-4-PE/Cy7 and CXCR3-BV421; BD Biosciences: CD4-v450 (Clone SK3), CD8-v500 631 

(Clone SK1), Lag3-AF647 (Clone T47-530), PD-1-BV786 (Clone EH12.1) and Tim3-BV711 632 
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(Clone 7D3); R&D Systems: CCR4-AF488; Abcam: IFNR1 (Clone EPR7866) and Thermo 633 

Scientific: DAPI. For extracellular staining, cells were stained in the dark for 20 minutes at room 634 

temperature in BD Horizon Brilliant Stain Buffer (BD Biosciences) and washed twice with 635 

FACS Buffer (PBS + 2% FBS) prior to acquisition. To measure viability, cells were left 636 

untreated or activated non-specifically through Cell Activation Cocktail (BioLegend) for 6 hours 637 

or in an antigen-specific manner using CD19
+
 Nalm6 target cells at a 1:1 ratio for 18 hours. 638 

DAPI was added to cultures at 1:500 and analyzed immediately. Cells to be saved for analysis at 639 

later time points were fixed using Fixation Buffer (BioLegend) according to protocol. For 640 

phophoflow, cells were resuspended at 1e
6
/ml and left untreated, treated with IFN (1-20g/ml) 641 

and/or given 10ng/ml recombinant human IFN (BioLegend) for 20 minutes at 37°C. Cells were 642 

fixed at 1:1 ratio with BD Cytofix (BD Biosciences) for 15 minutes at room temperature. 643 

Following centrifugation, cells were resuspended in Perm Buffer III (BD Biosciences) at 2e
6
/ml, 644 

vortexed vigorously and put on ice for 30 minutes. Cells were stained with PhosphoStat1 Tyr701 645 

(Clone 58D6; Cell Signaling) in 1% PBSA followed by anti-Rabbit IgG (H+L), F(ab')2 646 

Fragment AF647 (Cell Signaling). All cells were run on a Fortessa X-20 (BD) and analyzed 647 

using FlowJo software.  648 

 649 

NanoString 650 

CAR T cells were combined with Nalm6 cells at a 1E:10T ratio for 5 days. Remaining cells were 651 

collected and CAR-T (mCherry
+
GFP

-
) were isolated using flow-based sorting on the BD 652 

FACSAria. For patient samples, serum was added to GMCSF-activated macrophages in culture 653 

in the presence or absence of blocking antibodies to IFN, IL-1R, or IL-6R for 48 hours. CAR-654 

T from Nalm6 cultures and macrophages from patient cultures were lysed using RLT buffer to 655 
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obtain RNA and code set probes were hybridized with RNA by PCR for 18 hours at 65°C 656 

according to NanoString protocol. nCounter gene expression assays (NanoString Technologies) 657 

were performed using NanoString XT CAR-T Panel Standard + Customized PLUS panel (CAR-658 

T) or nCounter Myeloid Innate Immunity Panel (macrophages). Hybridized RNA was loaded 659 

into nCounter MAX cartridges, run on the nCounter MAX and quantified using nSolver or 660 

nSolver Advanced software. For advanced analysis, donor/patients as covariates were 661 

considered. Normalized data was used for Log2 scores and gene counts shown herein.  662 

 663 

In vitro killing assays 664 

For single time-point cytotoxicity assays, CAR T cells were incubated with luciferase-expressing 665 

target cells at indicated E:T ratios for 18 hours. Remaining luciferase activity was measured 666 

using the Luciferase Assay System (Promega) with a Synergy Neo2 luminescence microplate 667 

reader (Biotek). Percent specific lysis was calculated using the following equation: % Specific 668 

lysis = [(total relative luminescence units (RLU) / target cells only RLU) x100]. For real-time 669 

cytotoxicity assays using plate-bound (via CD9) Nalm6 cells, cell index was recorded as a 670 

measure of cell impedance using the xCELLigence RTCA SP instrument (ACEA Biosciences). 671 

Graphs for % Cytolysis were calculated on the ACEA software to show percent target killing by 672 

CAR-T groups compared to tumor only.  673 

 674 

NSG xenograft models 675 

6–8-week-old male and female NSG mice were intravenously (IV) injected with 1e
6
 JeKo-1 or 676 

Nalm6 CBG-GFP
+
 cells. Seven days later, mice were randomized and left untreated (tumor only; 677 

TO) or IV injected with 1e
6
 CAR T cells and tumor burden was measured by bioluminescence 678 
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using an Ami spectral imaging apparatus and analyzed with IDL software following 679 

intraperitoneal (IP) injection of D-Luciferin substate solution (30mg/ml; no blinding). Mice 680 

receiving IFN blocking antibody (InVivoMab anti-human IFN; Bio X Cell) or control IgG 681 

(InVivoMab mouse IgG1 isotype control; Bio X Cell) were IP injected with 12mg/kg of the 682 

appropriate solutions 1 hour prior to CAR-T injection. Antibodies were re-administered IP every 683 

24 hours for the first 5 days and then maintained with 1 injection/week through day 21. For most 684 

experiments, mice were bled on days 3 and 14 post-CAR-T injection to monitor IFN 685 

expression/cytokine profiles and CAR-T persistence, respectively. In all experiments, 686 

bioluminescence was measured weekly. 687 

 688 

Incucyte 689 

Healthy donor-derived KO and IFNKO CAR-T targeting CD19 were combined with Nalm6 690 

leukemia cells at 10:1, 1:1, or 1:10 effector-to-target ratios with or without donor-matched 691 

GMCSF-activated macrophages and proliferation of mCherry
+
 CAR T cells was assessed for five 692 

days on the Incucyte.  Anti-CD19 28 KO and IFNKO CAR-T were cultured at a 1:1 ratio with 693 

Nalm6 cells and tumor burden (GFP) was monitored for five days. Anti-mesothelin BB KO and 694 

IFNKO CAR-T were cultured at a 1:1 ratio with BxPC-3 or Capan-2 cells and tumor burden 695 

(GFP) was monitored for five days.  696 

 697 

Innate cell isolation and differentiation 698 

PBMCs were isolated from healthy donors using Ficoll-Paque PLUS (GE Healthcare, C987R36) 699 

and monocytes were purified with a kit from StemCell (Catalog #19359). Recombinant human 700 

carrier-free cytokines were purchased from BioLegend: GM-CSF and IFN; Shenandoah 701 
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Biotechnology: IL-4, IL-13 and M-CSF and Sigma-Aldrich: Lipopolysaccharide (LPS). 702 

Monocytes were plated and differentiated into various macrophage subsets as previously 703 

described (45): M0 (25ng/ml M-CSF), GMCSF-activated (5ng/ml GM-CSF), M1 (5ng/ml GM-704 

CSF, 20ng/ml IFN, 100ng/ml LPS) and M2 (25ng/ml M-CSF, 20ng/ml IL-4, 20ng/ml IL-13). 705 

Following macrophage differentiation, co-cultures with donor-matched CAR-T and/or target 706 

cells were constructed as described below and in figure legends. For all cultures, macrophages 707 

were left on original plates and washed briefly with PBS prior to addition of CAR-T and/or 708 

tumor cells. The ratio of 50 CAR-T : 1 macrophage or monocyte was consistent throughout 709 

experiments and was based on previous work (29). 710 

 711 

CAR-T, macrophage, and tumor co-cultures  712 

For contact-dependent studies, donor-matched macrophages were generated, CAR T cells/target 713 

cancer cells were added at varying tumor quantities: low (10E:1T:0.02M), moderate 714 

(1E:1T:0.02M), or high (1E:10T:0.02M), and supernatant was collected for analysis at 6, 24, 48 715 

or 72 hours. CAR-T plus macrophage cultures were included as a control and exhibited a similar 716 

functional profile as CAR-T alone. For contact-independent studies, CAR-T and Nalm6 cells 717 

were cultured at a 1:1 ratio overnight. After 24 hours, supernatant was collected and added to 718 

donor-matched GMCSF-activated macrophages for 48 hours prior to supernatant collection and 719 

analysis.  720 

 721 

Luminex 722 
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Supernatant was collected from co-cultures as denoted in figure legends and cytokine production 723 

was measured using the Human Inflammatory Panel 20-plex ProcartaPlex Panel (Thermo Fisher) 724 

and run on the FLEXMAP 3D System (Luminex). 725 

 726 

Macrophage activation from mouse serum 727 

6–8-week-old male and female NSG mice were intravenously injected with 1e
6
 JeKo-1 or Nalm6 728 

CBG-GFP
+
 cells. Seven days later, mice were randomized and left untreated (tumor only; TO) or 729 

IV injected with 1e
6
 KO/IFNKO CAR T cells and tumor burden was measured by 730 

bioluminescence as described above (no blinding). Serum was collected from mice 3 days post-731 

CAR-T injection and either saved for Luminex or added directly to donor-matched GMCSF-732 

activated macrophages in culture. 48 hours later, supernatant was collected and assessed for 733 

function using the Human Inflammatory Panel 20-plex Luminex kit and macrophages were 734 

imaged using fluorescent microscopy.  735 

 736 

Fluorescent microscopy 737 

Monocytes from healthy donors were plated on iBidi glass-bottom 8 well slides and kept in 738 

5ng/ml GMCSF for 7 days prior to use. Recombinant human IFN, supernatant from CAR-739 

T/tumor culture, or serum from mice was collected and added directly to washed macrophages 740 

for 48 hours. Cells were fixed and permeabilized using the Molecular Probes Image iT kit 741 

according to protocol (Thermo Fisher). Cells were stained with unconjugated primary antibodies 742 

purchased from Thermo Fisher: CD69, CD86, PD-L1 or Cell Signaling: pJAK1 (Clone D7N4Z), 743 

pJAK2 (Clone C80C3), pSTAT1 (Clone 58D6), iNOS (CloneD6B6S) overnight at a 744 

concentration of 1:100 - 1:200. Secondary anti-rabbit antibodies conjugated to AF647 or AF549 745 

Association for Cancer Research. 
 by guest on December 16, 2021. Copyright 2021 Americanhttps://bloodcancerdiscov.aacrjournals.orgDownloaded from 

https://bloodcancerdiscov.aacrjournals.org


(Cell Signaling) were used at 1:500 for detection. Molecular Probes Actin Green 488 (Thermo 746 

Fisher) was used for actin staining and slides were mounted using Prolong Gold Antifade 747 

Reagent with DAPI (Cell Signaling). Macrophages were imaged on the Zeiss Observer 748 

Microscope at 63x with similar exposures between all samples in each experiment. 749 

 750 

Patient samples 751 

Annotated serum samples from lymphoma patients treated with CAR T cell products 752 

(tisagenlecleucel or axicabtagene ciloleucel) at our institution were obtained after written 753 

informed consent under a protocol (16-206) approved by the Dana-Farber/Harvard Cancer 754 

Center IRB. All patient samples used herein were collected 2-5 days after CAR-T infusion and in 755 

all but one patient, collection was performed prior to treatment with tocilizumab or anakinra. 756 

Patient samples were assessed for cytokines/chemokines by Luminex or added to healthy donor 757 

macrophages (+/- blocking antibodies) in vitro for 48 hours prior to assessment.  758 

 759 

Data Availability 760 

The data generated in this study are available within the article and its supplementary data files. 761 

 762 

Statistical Analysis 763 

All analyses were performed with GraphPad Prism v8 software. Data were presented as means  764 

s.e.m. with statistically significant differences determined by tests as indicated in figure legends. 765 

For experiments with multiple groups, correction for multiple comparisons was applied. All n 766 

values given are biologic replicates unless otherwise stated.  767 

 768 
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Figure Legends 931 

Fig. 1: IFN can be pharmacologically and genetically blocked in CAR T cells.  932 
a-c, CAR T cells were generated from healthy donors and IFN signaling was disrupted using 933 
IFN blocking antibodies. d, BB CAR-T were activated with PMA/Ionomycin in the presence 934 
of IFN antibody or IgG control and assessed by ELISA, n=5.  e,f, IFNR1 and pSTAT1 935 
expression in CAR-T (e) and JeKo-1 lymphoma cells (f) treated with (+) or without (-) 10ng/ml 936 
IFN +/- IFN blocking antibody (g/ml) as shown by MFI (left) and percent positive cells 937 
(right), n=3. g-i, BB CAR T cells genetically lacking TRAC (KO) or TRAC and IFN 938 
(IFNKO) were generated from healthy donors. j, KO and IFNKO CAR-T were activated with 939 
PMA/Ionomycin and assessed by ELISA, n=5. k, CD4 and CD8 populations were determined 940 
by flow cytometry, representative of n=5. Data are shown as mean ± s.e.m. with P values by 941 
unpaired t-tests (d,j) or one-way ANOVA (e,f). P: **<0.01, ***<0.001, ****<0.0001, ns=not 942 
significant. 943 
 944 
Fig. 2: IFN blockade does not diminish CAR-T efficacy in vitro or in vivo. 945 
a, BB CAR-T were combined with Nalm6 tumor cells overnight at various E:T ratios in IFN 946 
blocking antibody (0, 5, 20g/ml) and IFN and Granzyme B production was determined by 947 
ELISA, n=5. b, Luciferase-based specific lysis of JeKo-1, Nalm6 and Raji tumor cells by BB 948 
CAR-T with IFN blocking antibodies, n=5. c-h, NSG mice were IV injected with JeKo-1 949 
tumor cells and treated with BB CAR-T +/- IFN or IgG control antibodies as shown in c. 950 
IFN expression in serum collected from mice three days post-treatment with BB CAR +/- 951 
antibodies (d). Tumor growth was tracked by bioluminescent imaging (e,f), CAR-T persistence 952 
in the blood determined on day 14 post-CAR injection (g) and overall survival was monitored 953 
throughout (h). i-n, Experiments described in c-h were repeated using the Nalm6 tumor model. 954 
For all experiments, n=3-5 mice/group; repeated with 3 healthy donors. Data are shown as 955 
mean ± s.e.m. with P values by one-way ANOVA or Log-rank (Mantel-Cox test) for Kaplan 956 
Meier curves. P:  *<0.05, **<0.01, ***<0.001, ****<0.0001, ns=not significant. 957 
 958 
Fig. 3: IFNKO CAR-T clear lymphoma and leukemia tumors in vitro and in vivo. 959 
a, BB KO/IFNKO CAR-T were combined with Nalm6 tumor cells overnight at various E:T 960 
ratios) and IFN and Granzyme B production was determined by ELISA, n=5. b, Luciferase-961 
based specific lysis of JeKo-1, Nalm6 and Raji tumor cells by BB KO/IFNKO CAR-T, n=5. c-962 
h, NSG mice were IV injected with JeKo-1 tumor cells and treated with BB KO or IFNKO 963 
CAR-T as shown in c. IFN expression in serum collected from mice three days post-treatment 964 
with BB CAR-T (d). Tumor growth was tracked by bioluminescent imaging (e,f), CAR-T 965 
persistence in the blood determined on day 14 post-CAR injection (g) and overall survival was 966 
monitored throughout (h). i-n, Experiments described in c-h were repeated using the Nalm6 967 
tumor model. o-q, NSG mice were IV injected with Nalm6 tumor cells and treated with 28 KO 968 
or IFNKO CAR-T (o). Mice were assessed for IFN in the serum (p) and measured weekly 969 
using bioluminescence (q). For BB experiments, n=3-5 mice/group; repeated with 3 healthy 970 
donors. For 28 experiment, n=5 mice/group; repeated with 2 healthy donors. Data are shown as 971 
mean ± s.e.m. with P values by one-way ANOVA or Log-rank (Mantel-Cox test) for Kaplan 972 
Meier curves. P:  *<0.05, **<0.01, ***<0.001, ****<0.0001, ns=not significant. 973 
 974 
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 975 
 976 
 977 
Fig. 4: Establishing macrophage activation models to simulate lymphoma patient cytokine 978 
profiles.   979 
a, Swimmer plots for lymphoma patients in this study, including dates of serum collection (black 980 
arrow), anakinra treatment (red inverted triangle), tocilizumab treatment (red square), CRS 981 
grading (red gradient) and peak ICANS days (blue gradient). b,c, Serum from patients receiving 982 
tisagenlecleucel or axicabtagene ciloleucel CAR-T products was collected 2-5 days post-CAR 983 
treatment, added to healthy donor-derived GMCSF-activated macrophages and cytokines were 984 
assessed 48 hours later. Luminex data was graphed by heatmap to highlight upregulated proteins 985 
in serum alone (top) and following addition to macrophages (bottom) in tisagenlecleucel and 986 
axicabtagene ciloleucel patients, n=5 patients/CAR-T product. d,e, Healthy donor BB and 28 987 
KO CAR-T were generated and combined at a 1E:1T:0.02M ratio with donor-matched 988 
macrophages and JeKo-Nalm6 or JeKo-1 cells for 48 hours and serum was analyzed by 989 
Luminex, n=5. f,g, Healthy donor KO CAR-T were generated and combined with Nalm6 at a 1:1 990 
ratio overnight before serum was collected and added to donor-matched macrophages for 48 991 
hours. Serum from the E:T cultures (top) and E:T:M (bottom) was collected, analyzed by 992 
Luminex, and graphed by BB(left) or 28(right), n=5. Data are shown as heatmaps depicting 993 
mean values with P values by unpaired t-tests. P:  *<0.05, **<0.01, ***<0.001, ****<0.0001. 994 
 995 
Fig. 5: IFNKO CAR-T reduce macrophage activation in a contact-independent manner.   996 
a, Monocytes were isolated from healthy donors and expanded to generate GMCSF-activated 997 
macrophages prior to immunofluorescent staining, representative of n=2 (magnification 63x). 998 
Scale bars = 10m.  b, GMCSF-activated macrophages were generated in healthy donors and left 999 
untreated (NT; top) or given 10ng/ml recombinant human IFN (bottom) for four hours prior to 1000 
staining for pJAK1 and pSTAT1 by fluorescent microscopy, representative of n=2 1001 
(magnification 63x). Scale bars = 10m. c-e, KO/IFNKO CAR-T were generated from healthy 1002 
donors and combined with Nalm6 cells for 24 hours prior to supernatant collection and addition 1003 
to donor-matched GMCSF-activated macrophages (c). 48 hours later, supernatant was collected 1004 
from macrophages, and function assessed by Luminex for BB (d) and 28 (e), n=3. f,g, Using 1005 
the protocol from c, supernatant from BB cultures was added to macrophages and left untreated 1006 
or IFNKO CAR-T was given 10ng/ml rh IFN and KO CAR-T supernatant was supplemented 1007 
with 20g/ml IFN blocking antibody. Cytokines were assessed by Luminex and graphed as a 1008 
heatmap of mean expression (f) and fold-change (g), n=5. h,i, Using the protocol from c, 1009 
supernatant from 28 cultures was added to macrophages and left untreated or IFNKO CAR-T 1010 
was given 10ng/ml rh IFN and KO CAR-T supernatant was supplemented with 20g/ml IFN 1011 
blocking antibody. Cytokines were assessed by Luminex and graphed as a heatmap of mean 1012 
expression (h) and fold-change (i), n=5. Macrophages from cultures d and e were fixed and 1013 
stained for CD69, pJAK1 and PDL1 for both BB (j) and 28 (k), representative of n=2 1014 
(magnification 63x). Scale bars = 10m. Data in are shown as mean ± s.e.m. with P values by 1015 
unpaired t-tests. P: *<0.05, **<0.01.  1016 
 1017 
Fig. 6: Serum from tumor-bearing mice treated with IFNKO CAR-T yield reduced 1018 
macrophage responses in vitro.   1019 
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NSG mice were intravenously injected with Nalm6 tumor cells and left untreated (tumor only) or 1020 
given untransduced T cells (UTD) or KO/IFNKO CAR-T. Three days post-CAR injection, 1021 
serum was collected and used directly for Luminex assessment or added to donor-matched 1022 
macrophages. 48 hours later, supernatant was collected and assayed for cytokine expression. a, 1023 
Schematic of experimental layout. b,c, Serum from BB and 28 CAR-treated mice collected 1024 
directly from mice was assayed by Luminex and graphed by mean values (b) and fold-change 1025 
expression (c). d-i, Serum from mice was added to macrophages for 24 hours prior to collection 1026 
and Luminex assessment for BB (d-f) and 28 (g-i) groups. Data are shown as mean value (d 1027 
and g), fold-change expression (e and h), and cytokine level (f and i). j,k, Following supernatant 1028 
collection, macrophages were stained for CD69, pJAK1, and PDL-1 expression for both BB (j) 1029 
and 28 (k) subsets (magnification 63x). Scale bars = 10m. Experiments were performed at 3-5 1030 
mice/group and repeated with 4 healthy donors. Data in c, e, and h are shown as mean ± s.e.m. 1031 
with P values by unpaired t-tests. Data in f and i are shown as mean ± s.e.m. with P values by 1032 
one-way ANOVA. P: *<0.05, **<0.01, ***<0.001, ****<0.0001, ns=not significant. 1033 
 1034 
Fig. 7: Blocking IFN reduces macrophage activation in lymphoma patients to a greater 1035 
extent than current biological approaches.   1036 
a, Serum from patients receiving tisagenlecleucel or axicabtagene ciloleucel CAR-T products 1037 
was collected 2-5 days post-CAR treatment, added to healthy donor-derived GMCSF-activated 1038 
macrophages +/- blocking antibodies to IFN, IL-1R and IL-6R and were assessed 48 hours 1039 
later. b-f, Cultures receiving serum from tisagenlecleucel patients were assessed by Luminex (b) 1040 
or NanoString (c-e). Experiments above were repeated using serum from axicabtagene ciloleucel 1041 
(f-i). NanoString analysis for both groups was graphed as pathway score heatmap (c,g) and 1042 
normalized gene counts (d,e,h,i). Data are shown as mean ± s.e.m. with P values by one-way 1043 
ANOVA. P: *<0.05, **<0.01, ***<0.001, ns=not significant. 1044 
 1045 
 1046 
 1047 
 1048 
 1049 
 1050 
 1051 
 1052 
 1053 
 1054 
 1055 
 1056 
 1057 
 1058 
 1059 
 1060 
 1061 
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