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Unleashing anti-tumor T cell activity by checkpoint inhibitor immunotherapy is effective in cancer 

patients but clinical responses are limited. Cytokine signaling through the JAK/STAT pathway 

correlates with checkpoint immunotherapy resistance. We report a phase I clinical trial of the JAK 

inhibitor ruxolitinib with anti-PD-1 antibody nivolumab in Hodgkin lymphoma patients relapsed 

or refractory following checkpoint inhibitor immunotherapy. The combination yielded a best 

overall response rate of 53% (10/19). Ruxolitinib significantly reduced neutrophil-to-lymphocyte 

ratios and percentages of myeloid suppressor cells but increased numbers of cytokine-producing 

T cells. Ruxolitinib rescued the function of exhausted T cells and enhanced the efficacy of 

immune checkpoint blockade in pre-clinical solid tumor and lymphoma models. This synergy was 

characterized by a switch from suppressive to immunostimulatory myeloid cells which enhanced T 

cell division.

One-Sentence Summary:

Ruxolitinib reshapes myeloid immunity to synergize with checkpoint inhibitor immunotherapy in 

Hodgkin lymphoma patients.

Immune control of cancer and response to immunotherapy are hampered by diverse, 

partially redundant, adaptive immunosuppressive effects mediated by both cancer and non-

cancer cells. Suppressive myeloid cells are present in many tumor types, cause lymphocyte 

dysfunction and poor response to checkpoint inhibitor immunotherapy (1, 2). The pan 

immune suppressive state generated during persistent infection closely resembles that 

observed in cancer (3, 4) including T cell exhaustion and suppressive myeloid cells shared 

between cancer and persistent viral infection, which led to fundamental discoveries such as 

T cell reactivation by PD-1 blockade in the lymphocytic choriomeningitis virus (LCMV) 

Clone 13 model (5–7).

Targeting of myeloid derived suppressor cells (MDSCs) and tumor associated macrophages 

enhances response to checkpoint inhibitors in cancer models. Interestingly, suppressive 

activity may be associated with stimulus-dependent states in all myeloid lineages (8, 

9). The upstream stimuli that drive suppressive programming of myeloid cells offer a 

promising therapeutic opportunity. Multiple signal transducer of activators of transcription 

(STAT) transcription factors and the JAK1/2-dependent cytokines G-CSF, GM-CSF and IL-6 

are implicated in suppressive programming of MDSCs (9–11). Therapeutics specifically 

targeting these cells have yet to gain clinical approval (12) and conflicting effects of Janus 

kinase (JAK) inhibitors on MDSCs have been reported (13–15).

The JAK/STAT pathway plays a central role in activating transcriptional programs in 

responses to dozens of soluble mediators including cytokines, growth factors and interferons 

(16). Several small molecule JAK inhibitors have been approved in the clinic and are 

predominantly used to treat myeloproliferative and autoimmune diseases (17). Despite 

known genetic links between JAK mutations and cancer, mainstream use of JAK inhibitors 

for cancer treatment has been impeded by JAK inhibitors’ immune suppressive properties. 

Here we demonstrate that rather than suppress essential anti-tumor immunity, small 

molecule JAK inhibition synergizes with checkpoint blockade immunotherapy to reshape 

the myeloid cell compartment and enhance NK and T cell responses.
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Results

JAK inhibitors rescue function of exhausted T cells

We developed a screening strategy to discover small molecules that rescue T cell exhaustion 

utilizing the LCMV Clone 13 (Cl-13) model of immune suppression (18). Having screened 

the ReFrame collection of ~12,000 biologically active compounds using the assay, we tested 

if specific biomolecular targets were overrepresented in the set of hit compounds. Using 

annotated compound-gene interactions curated by the Drug-Gene Interaction Database (19), 

we found an enrichment of JAK inhibitors (JAKi) among the hits (Fig. S1A–C). These 

inhibitor compounds span multiple chemotypes, arguing against a common off-target (Fig. 

S1D). The top 5 JAKi by z-score were re-obtained and their activity re-tested at a range of 

concentrations (Fig. S1E). Although all compounds showed some activity in the validation 

assay, only BMS911543 and ruxolitinib could match or surpass the effect of aPDL1 (Fig. 

S1E). We further validated the activity of ruxolitinib by assessing IFN-γ protein using 

intracellular staining in place of the YFP reporter in the Cl13 based assay (Fig. 1A, S1F). 

Testing commercially available kinase inhibitors revealed that compounds inhibiting JAK1 

and/or JAK2 were among the most potent in increasing the frequency of YFP+ CD8 T cells 

(Fig. S1G–J).

We focused on ruxolitinib, the first JAKi to receive clinical approval (20, 21) and currently 

in clinical use for indications including myelofibrosis and graft vs host disease (20, 21). 

Compound titration revealed a sigmoidal dose response to ruxolitinib in the frequency 

of YFP-IFN-γ+ CD8 T cells (EC50 ~ 150 nM) (Fig. 1B), the number of YFP-IFN-γ+ 

CD8 T cells showing a bell shape dose response peaking around 250 nM (Fig. 1B). 

Ruxolitinib was superior to anti-PD-L1 in enhancing the percentage and total number of 

IFN-γ-producing CD8 T cells as detected by intracellular cytokine staining (Fig. 1B) as well 

as increasing IFN-γ protein levels in splenocyte cultures (Fig. S2A). The most dramatically 

reduced cytokine in the culture supernatant was the myeloid chemokine CCL2, suggesting 

ruxolitinib treatment more broadly impacts the immune compartment (Fig. S2B), although 

no differences in the intracellular content of these cytokines were detected in the ruxolitinib 

vs vehicle treated groups (Fig. S2C). To better understand the changes in non-T cells, we 

performed a comprehensive profiling of cells in this assay by CITE-seq (22). Comparison 

of CD45+ splenocytes with ruxolitinib or vehicle indicated that T cells increased but most 

myeloid populations decreased overall by cluster share by day 4 of culture (Fig. 1C, S2D–

E). Ruxolitinib increased the percentage and total number of dividing T cells but also caused 

a ~2-fold increase in the percentage of CD11b− dendritic cells (Fig. 1C, S2F). Further, the 

cytokines increased by ruxolitinib in the culture supernatant such as GM-CSF, CCL3 and 

CCL4 were most highly expressed at the mRNA level in clusters enhanced by ruxolitinib, 

namely dividing T cells and 2 myeloid clusters (Fig. S2G).

We tested whether ruxolitinib compromised effector functions of CD8 T cells following 

viral infection in vivo. Mice infected with Cl13 and receiving daily ruxolitinib exhibited 

significantly increased total numbers of GP276-specific splenic CD8 T cells (Fig. S3A) and 

of IFN-γ-producing GP276-reactive CD8 T cells than vehicle-treated controls (Fig. S3B). 

Further examination of splenocytes from these mice by CITE-seq and flow cytometry 
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revealed that ruxolitinib increased the percentage and total number of dendritic cells 

(Fig. 1D, S3C–D) (23). Plasma levels of G-CSF were reduced at d5 post infection (Fig. 

S3E). Additionally, GP33-specific P14 CD8 T cells isolated from Cl-13 infected mice 

showed reduced proliferation when stimulated with anti-CD3/CD28 in the presence of 

ruxolitinib, suggesting that ruxolitinib’s capacity to induce expansion of LCMV-specific 

T cell expansion in a mixed culture system involves other cellular targets (Fig. S3F). 

However, viral loads in plasma and organs were unaffected by ruxolitinib treatment at 

all timepoints examined, suggesting antiviral T cell responses are sufficiently preserved 

following ruxolitinib treatment early during persistent LCMV infection (Fig. S4A–B); in 

contrast, treatment with IFNAR-blocking antibody (anti-IFNAR) before Cl13 infection 

raised viral titers significantly and equivalent percentages of infected splenocytes were 

seen in ruxolitinib and vehicle in contrast to anti-IFNAR1 treated mice, suggesting that 

ruxolitinib does not fully inhibit IFNAR signaling (Fig. S4B–C)(24, 25). Treatment of 

ruxolitinib also increased the percentage and total number of proliferative CD8, CD4 T 

and NK cells as determined by Ki67 expression (Fig. 1E, S4D). We wondered whether the 

increase in T cells could be partly attributed to reduced cell death. GP33-specific transgenic 

CD8 T cells (P14) were adoptively transferred to congenic hosts, infected with Cl13 and 

treated with ruxolitinib or vehicle, then splenic P14 cells analyzed. The percentage of 

apoptotic P14 cells was reduced more than 3-fold compared to vehicle treated mice (Fig. 

S4E). We also observed increased levels of the anti-apoptotic protein Bcl-XL in CD8 T cells 

(Fig. S4F).

Ruxolitinib enhances lymphocyte function and efficacy of checkpoint blockade 
immunotherapy in pre-clinical cancer models

We hypothesized that the T cell enhancing effects of ruxolitinib in a persistent viral infection 

model may be beneficial in enhancing checkpoint blockade immunotherapy in cancer. 

Mice received MC38 tumor cells and were treated with suboptimal doses of anti-PD-1+anti-

CTLA4 immune checkpoint inhibitors (ICI) or controls as described previously (26) and 

also received ruxolitinib or vehicle starting 2 days after the first ICI dose (Fig. 2A). In 

the absence of immunotherapy, ruxolitinib had a marginal effect on tumor growth, however 

ruxolitinib in combination with ICI (ruxolitinib+ICI) significantly reduced tumor growth 

compared to ICI alone; once daily 30 mg/kg ruxolitinib was the most efficacious dose (Fig. 

2A, S5A). Similar results were observed in the B cell lymphoma model A20 and the lung 

cancer model LLC1 (Fig. 2B, Fig. S5B–C). Although it has been shown that ruxolitinib 

can sensitize anti-PD-1-resistant melanoma cells to anti-CTLA4 treatment (27), the MC38 

and A20 cell lines were not pre-treated with checkpoint inhibitors and do not exhibit prior 

resistance to anti-PD-1.

To understand the basis of this beneficial effect we isolated MC38 tumor-infiltrating cells 

from anti-PD-1+anti-CTLA4 treated mice and analyzed single-cell transcriptomes and 

protein markers using CITE-seq (22). Low-resolution clustering identified a prominent 

cluster of monocytes, macrophages and monocytic dendritic cells, and clusters of T cells, 

granulocytes, dendritic cells, dividing macrophages, NK cells and B cells (Fig. 2C, S5D–E). 

Mice receiving ruxolitinib with ICI showed a significantly higher percentage of lymphocytes 

and a lower percentage of granulocytes of CD45+ cells compared to ICI alone, effects 
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validated by flow cytometry and immunohistochemistry (Fig. 2D–E, S5F). Tumors of mice 

treated with ICI+ruxolitinib contained significantly higher numbers of CD44-high T and NK 

cells (Fig. 2F–G, S5G). There was a significant increase in the percentage and total number 

of dividing Ki67+ NK cells in ICI+ruxolitinib vs ICI treated mice (Fig. S5H). Functionally, 

we observed significantly increased degranulation of T cells comparing ICI+ruxolitinib vs 

ICI treatment, suggesting ruxolitinib may increase their degranulation capacity (Fig. S5I).

We depleted CD8 T cells or NK cells immediately prior to treatment with ICI, ruxolitinib or 

combination therapy. As expected, depletion of CD8 T cells in ICI treated mice accelerated 

tumor growth and the addition of ruxolitinib to ICI did not improve tumor control in 

depleted mice (Fig. S6A–B). NK cell depletion in ICI+ruxolitinib treated mice eliminated 

the therapeutic benefit with respect to ICI alone (Fig. S6C–E), suggesting both CD8 T cells 

and NK cells are required for the efficacy of ICI+ruxolitinib.

Ruxolitinib causes reprogramming of granulocytic cells

We further investigated the modulation of tumor-infiltrating myeloid cells by 

ICI+ruxolitinib. Granulocytes exhibited significant reductions per gram of tumor in 

ICI+ruxolitinib vs ICI treated mice (Fig. S7A). Ruxolitinib also reduced the percentage 

of splenic neutrophils and the neutrophil-to-lymphocyte ratio in LCMV infected mice, 

indicating the effect of ruxolitinib on neutrophils is not exclusive to cancer (Fig. S7B–C). 

Granulocytic cells include a population of polymorphonuclear myeloid derived suppressor 

cells (PMN-MDSCs) which share surface markers with neutrophils (28). To assess the 

contribution of granulocytic myeloid cells to ruxolitinib’s enhancement of ICI efficacy, 

Ly6G+ cells were depleted using an anti-Ly6G depleting antibody (aLy6G) prior to ICI, 

ruxolitinib or ICI+ruxolitinib treatment and depletion was maintained throughout the 

treatment period. Depletion of Ly6G+ cells in ICI-treated mice significantly reduced tumor 

growth and weight (Fig. 3A, S7D–E). Tumor-infiltrating myeloid cells were subjected to 

a suppression assay: Gr1+ cells were isolated from MC38 tumor bearing mice and tested 

for their ability to suppress IL-2-driven proliferation and IFN-g production of NK cells. 

As expected, increasing doses of Gr1+ cells reduced the percentage and total number of 

IFNg+ NK cells, confirming their suppressive abilities (Fig. S7F). Consistently, splenic 

granulocytes expressed arginase in MC38 tumor-bearing mice and ruxolitinib nearly ablated 

arginase 1 (ARG1) protein levels in granulocytes both when administered alone or in 

conjunction with ICI, suggesting ruxolitinib not only modulates granulocyte numbers 

but also expression of suppressive markers (Fig. S7G). Tumor-infiltrating granulocytes 

in ICI+ruxolitinib vs ICI treated mice showed significantly reduced expression of MDSC-

associated markers Csf1, Cxcl2, Ifitm1, Il1b, S100a8, S100a9 and Wfdc17 (Fig. 3B, S7H) 

and exhibited higher expression of MHC class II molecules and Cd74 in ICI+ruxolitinib 

treated mice, suggesting they acquired transcriptomic features of immune stimulatory 

antigen presenting cells (Fig. 3B–C, S7H). Moreover, the induction of MHC-II expression 

in granulocytes was also observed in ruxolitinib-treated mice infected with Cl13 (Fig. S7I). 

We performed an in vitro T cell proliferation assay using splenic granulocytes from MC38 

tumor bearing mice treated with vehicle, ruxolitinib, ICI or ICI+ruxolitinib. Remarkably, 

granulocytes from ruxolitinib and ICI+ruxolitinib treated mice enhanced T cell division and 
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the total number of T cells over 3 days of stimulation with anti-CD3/CD28 to a significantly 

greater extent than vehicle or ICI derived granulocytes, respectively (Fig. 3D, S7J).

To determine the contribution of these granulocytes to the synergy between ICI and 

ruxolitinib, we depleted Ly6G+ cells during ICI/ICI+ruxolitinib treatment and assessed 

tumor growth. Treatment with anti-Ly6G (aLy6G) alone had no effect on tumor growth (Fig. 

S7K). Whereas ruxolitinib+ICI and aLy6G+ICI groups showed significantly reduced tumor 

weight compared to ICI alone, ruxolitinib provided no additional benefit to aLy6G+ICI 

treated mice compared to ruxolitinib+ICI or aLy6G+ICI groups (Fig. 3E).

To identify which antitumor immune responses were invigorated by granulocyte depletion 

or by ruxolitinib treatment, tumor-infiltrating cells were analyzed by flow cytometry after 

treatment cessation. The effect of aLy6G+ICI on Ki67 NK cells phenocopied the effect 

of ruxolitinib+ICI with a >2 fold increase in the percentage of Ki67+ NK cells in these 

groups compared to ICI alone (Fig. 3F). In contrast, the increased expression of CD44 

on NK and T cells was specific to the ICI+ruxolinitinib group, suggesting ruxolitinib has 

granulocyte-independent effects (Fig. 3G–H). The expression levels of CD44 on CD8 T 

cells was also enhanced in ICI+ruxolitinib compared to other groups but the total number 

of CD44hi CD8 T cells was not significantly increased by ICI+ruxolitinib or ICI+aLy6G 

compared to ICI (Fig. S7L). Treatment with ICI+ruxolitinib+aLy6G resulted in no increase 

in the number of Ki67+ NK cells and CD44hi CD4 T cells per g of tumor compared to ICI 

alone, consistent with the poorer tumor control observed (Fig. 3E, S7M).

Ruxolitinib reduces suppressive gene expression in myeloid cells of the bone marrow, 
blood and tumor

We asked whether the effect of ruxolitinib on tumor-infiltrating myeloid cells had conserved 

patterns across different tumor types. CITE-seq data of tumor-infiltrating myeloid cells 

from 3 different mouse tumor types treated with ICI+ruxolitinib or ICI were integrated 

and subjected to clustering. High diversity was found in the monocytic/macrophage cluster 

whereas only one granulocyte cluster emerged at that resolution (Fig. 4A–B, S8A). The 

percentage of myeloid cells in Clusters 0 (ARG1+ mac/mono cells) and 3 (granulocytic 

cluster) was reduced in ICI+ruxolitinib compared to ICI treated mice in all three tumor 

models (Fig. 4C, S8B), as was the loss of MDSC markers and gain of MHC gene expression 

in granulocytes (Fig. S8C). Cells in Cluster 2, expressing markers of monocyte derived 

dendritic cells (moDC), increased in frequency in all 3 tumor types and the ISG-expressing 

moDC Cluster 8 increased in the LLC1 and MC38 models but not EL4, consistent with a 

reduction in IFN-γ signaling and comparable tumor growth in the ICI and ICI+ruxolitinib 

groups in this model (Fig. 4C, S8D–E). To further understand the phenotypic characteristics 

of these clusters, we compared markers of human monocytes and macrophages in the 

MoMac-VERSE (29). Cluster 0 expressed multiple markers such as Spp1, Fabp5 and 

Apoe which corresponded to the TREM2+ macrophage #3 cluster of the MoMac-VERSE, 

the cluster most significantly and consistently increased in human cancers compared to 

non-diseased tissue of all MoMac-VERSE clusters (Fig. 4C, S8F) (29). Furthermore, 

Cluster 0 and 3 expressed the highest levels of MDSC markers of all myeloid clusters 

(Fig. S8G). The increase of MHC-II-expressing Ly6Chi monocytic cells was also observed 
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by flow cytometry (Fig. S8H). Flow cytometry also confirmed a switch from TREM2+ 

MHC− macrophages to TREM2− MHC+ in ICI+ruxolitinib compared to ICI (Fig. S8I). 

Furthermore, ruxolitinib treatment also increased MHC-II expression and reduced S100a8 
expression in splenic monocytes, and switch from TREM2+ MHC− to TREM2− MHC+ 

macrophages in the persistent viral infection model (Fig. S8J–K). Reductions in CD163+ 

Ly6Chi cells were observed in the blood of A20 and MC38 tumor bearing ICI+ruxolitinib 

treated mice and blood CD163+ cells correlated with tumor weight (Fig. S8L–N). These 

data reveal a broad ruxolitinib-induced shift from suppressive gene expression to MHC 

expression in granulocytic, monocytic and macrophage populations.

Suppressive activity in myeloid cells can be acquired due to excessive stimulation by 

soluble factors including the JAK-signaling cytokines G-CSF and GM-CSF (9, 30, 31). 

We asked whether ruxolitinib interfered with the suppressive programming of myeloid cells 

in the tumor and/or during their development in the bone marrow. Tumor bearing mice 

were treated as described in Fig. 2A and their peripheral blood and bone marrow CD45+ 

cells were analyzed by single-cell transcriptome sequencing (Fig. 4D, S9A–B). Blood 

monocytes from ICI+ruxolitinib treated mice express lower levels of suppressive markers 

Arg2, S100a8 and S100a9 (Fig. S9C). There was a significant increase in the percentage of 

differentiated neutrophils in the bone marrow of ruxolitinib and ICI+ruxolitinib treated mice 

compared to respective controls, validated by flow cytometry, whereas immature neutrophils 

were underrepresented in these mice based on Neutrotime gene classification (Fig. 4D–E, 

S9D) (32). Previously identified MDSC markers including Wfdc17, S100a8, S100a9 and 

Ifitm1 appeared downregulated in the neutrophils of ruxolitinib and ICI+ruxolitinib treated 

mice (Fig. 4F) (9, 33). These MDSC markers were reduced in both bone marrow and 

blood neutrophils. There was a dramatic reduction in the expression of myeloid migration 

genes Lrg1, Prok2 and Tspo in neutrophils of ruxolitinib treated mice (Fig. 4F) (34–37). 

Ruxolitinib did not significantly reduce the transcriptomic program associated with normal 

neutrophil differentiation as defined by high Neutrotime score, suggesting ruxolitinib does 

not prevent neutrophil differentiation (Fig. S9E) (32).

To identify upstream signals targeted by ruxolitinib which lead to the observed gene 

expression changes, we analyzed the predicted ligand activity in BM neutrophils using 

Cytosig (Fig. S10A) (38). Several MDSC related ligands showed dominant activity: EGF, 

IL-17A, IL-36, NO, G-CSF and TRAIL. Of these, only G-CSF uses canonical JAK1 or 

JAK2 signaling. To determine whether G-CSF activity played a role in inducing ruxolitinib-

downregulated genes, the temporal effect of G-CSF on myeloid cell transcriptomes was 

analyzed. Strikingly, virtually all ruxolitinib-downregulated genes were induced by G-CSF, 

including genes such as Wfdc21, Wfdc17 and Ifitm6 which were among the most highly 

induced genes by G-CSF based on fold change and p value (Fig. 4G). Plasma levels of 

G-CSF were not significantly affected post-ICI+ruxolitinib (Fig. S10B). We treated MC38 

tumor-bearing mice with the G-CSF neutralizing antibody (aGCSF) with or without ICI. 

aGCSF treatment reduced the expression of multiple G-CSF targets including Wfdc17 in 

bone marrow neutrophils (Fig. S10C). The combination of ICI and aGCSF significantly 

delayed tumor growth, consistent with the notion that G-CSF exerts immune suppressive 

effects in this tumor model (Fig. 4H, S10D). As expected, GCSF blockade reduced the 
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percentage of tumor-infiltrating granulocytes and caused other cellular changes partially 

resembling the effects of ICI+rux (Fig. S10E).

Given that ruxolitinib has been reported to modulate melanoma cell-intrinsic resistance to 

anti-PD-1 (27), we wondered whether cancer cell-intrinsic JAK1 or JAK2 were required 

for the effects observed above. To address this, JAK1 and JAK2 deficient MC38 cells 

generated previously (39) were injected in B6 hosts and treated as described in Fig. 2A, 

then tumor infiltrating cells analyzed by flow cytometry. Although growth of Jak1−/− MC38 

was impaired in vivo as previously reported (Fig. S11A) (39), we observed an increase 

in the percentage of monocyte-derived dendritic cells in tumors of ICI+ruxolitinib vs ICI 

treated mice by single-cell transcriptomics (Fig. S11B). Monocytes also expressed higher 

transcript levels of MHC-II in ICI+ruxolitinib vs ICI treated tumors (Fig. S11C–D). Similar 

to wt MC38, tumor-infiltrating macrophages in Jak1−/− MC38 tumors exhibited lower 

expression of TREM2 and higher expression of MHC-II (Fig. S11E). Granulocytic and 

monocytic tumor-infiltrating populations also expressed higher MHC-II in Jak2−/− MC38 

tumors (Fig. S11F). These intradermally implanted Jak2−/− MC38 tumors exhibited slower 

growth and ICI treatment was ineffective in further reducing tumor growth (Fig. S11G). 

Although tumor-intrinsic JAK inhibition effects cannot be ruled out, these data demonstrate 

that ruxolitinib’s myeloid reprogramming effect is at least partially independent of tumor 

cell-intrinsic JAK1 and JAK2 signaling.

Combination of ruxolitinib with nivolumab show clinical efficacy in relapsed or refractory 
Hodgkin lymphoma patients

To investigate whether ruxolitinib combined with checkpoint blockade immunotherapy can 

enhance antitumor immune responses in humans, we launched an investigator-initiated 

clinical trial of ruxolitinib with nivolumab in Hodgkin lymphoma patients who previously 

failed checkpoint inhibitor therapy. In a Phase I open-label trial, eligible patients received 

ruxolitinib orally using a dose escalation protocol (Materials and methods) followed by 

nivolumab at day 8 and then every 4 weeks (480 mg intravenously) for 2 years or until 

progression (NCT03681561). Blood samples were collected pre-treatment, 1 week after the 

start of ruxolitinib treatment and post-nivolumab at the start of the 2nd cycle, allowing for 

the effects of ruxolitinib alone and ruxolitinib with nivolumab to be evaluated (Fig. 5A). Of 

the 21 enrolled patients, 19 were evaluable for response and 18 had viable PBMC samples 

pre- and post-ruxolitinib available for analysis (Fig. S12 / Table S1). There were no dose 

limiting toxicities and adverse events were infrequent (Table S2). Patients were a median 

3.4 years from the initial diagnosis (range 0.9–16.7 years), 89% had stage III-IV disease, 

all received prior ICI and progressed (73%) or experienced stable disease/mixed response 

(27%) (Table S1). Median follow-up was 16.8 months (range 2.8–28 months). Of 19 treated 

patients, 6 patients exhibited complete metabolic responses, 4 partial remission according 

to the Lymphoma Response to Immunomodulatory Therapy Criteria (LYRIC) (40) with a 

best overall response rate of 52% (Fig. 5B). One additional patient had stable disease and 

1 patient experienced an indeterminate response and subsequently received autologous stem 

cell transplantation. The median duration of response was 12.5 months (range 3.7–20.4 

months). At 2 years, progression-free survival was 46% (95% confidence interval 9–77%) 

and overall survival (OS) was 87% (95% CI 58–97%).
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Bulk RNA-sequencing of PBMCs, followed by a computational deconvolution of cell 

types using a large reference single-cell CITE-seq PBMC dataset (GSE164378), revealed 

that lymphocytes and dendritic cells increased in percentage accompanied by a sharp 

decrease in myeloid progenitors and monocytes (Fig. S13, S 14A–D). Concordantly, 

absolute lymphocyte counts significantly increased following ruxolitinib treatment (Fig. 

5C). Mapping differentially expressed genes onto the PBMC reference dataset showed that 

whereas ruxolitinib-upregulated genes were distributed relatively evenly across B cells, NK 

cells and CD8 T cells, ruxolitinib-downregulated genes were particularly enriched in CD14+ 

monocytes (Fig. S14E). Notably, the percentages of cytokine-producing CD8 T cells and 

CD4 T cells were maintained and the absolute number of cytokine-producing CD8 T cells 

significantly increased post-treatment with ruxolitinib compared to baseline (Fig. S14F).

The neutrophil-to-lymphocyte ratio (NLR), clinically known to correlate with MDSC 

frequency and poor prognosis across cancer types including Hodgkin lymphoma (41–44), 

showed a significant reduction post-ruxolitinib (Fig. 5D, S15A). Assessing the expression of 

published MDSC markers (9) revealed a statistically significant reduction of their expression 

after ruxolitinib (Fig. 5E, S15B). Concordantly, the percentage of PMN-MDSCs in blood 

was sharply reduced after ruxolitinib and no PMN-MDSCs were detected in normal donor 

controls (Fig. 5F). The expression of G-CSF target genes was significantly downregulated 

after ruxolitinib treatment (Fig. 5G). Transcription factors STAT1, STAT3 and STAT6 play 

a role in MDSC programming and signal downstream of JAK1 and JAK2 (9). Of these, 

STAT3 signals downstream of G-CSF. Gene set enrichment analysis of annotated STAT 

targets showed a significant reduction in STAT3 target genes post ruxolitinib (Fig. S15C).

To obtain independent verification of the effects of ruxolitinib on PBMCs, a representative 

subset of 5 patients was subjected to single-cell RNA-seq analysis at baseline and post-

ruxolitinib. In agreement with previous results, the relative proportion of DCs, B cells 

and certain T cell subsets increased in most patients after ruxolitinib (Fig. 5H, S15D). In 

contrast, the percentage of classical and non-classical monocytes decreased in most patients 

consistent with bulk RNA-seq and flow cytometry (Fig. 5H). At the transcriptome level, the 

monocytic cluster showed a statistically significant reduction in MDSC marker genes (Fig. 

S15E).

We next evaluated differences between responders and non-responders. There was no clear 

relationship between clinical response and ruxolitinib dose although the low number of 

patients treated with less than 20 mg bid prevents a formal comparison (Fig. S16A). 

Complete responders exhibited a significantly greater reduction in the NLR and % of 

monocytes after ruxolitinib than non-responders and non-evaluable patients (Fig. 5I–J, 

S16B). NLR levels remained stable after nivolumab treatment compared to post-ruxolitinib 

(Fig. S16C–D). A global assessment of transcripts modulated differently by ruxolitinib 

in response groups revealed a monocyte-enriched cluster more strongly downregulated in 

complete responders than other groups (Fig. 5K). This cluster contained ISGs but also 

important myeloid and MDSC related genes (Fig. 5K). For example, CD163 and S100A8/9 
were more significantly downregulated in the complete responders than other patient groups 

and the level remained low even after nivolumab treatment (Fig. 5K, S16E). Single-cell 

RNA-seq data showed decreases of Cluster 3 genes even specifically in the classical 
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monocytes on a per-cell basis (Fig. S16F–G). The single-cell data suggests that ruxolitinib 

not only reduced the percentage of monocytes in peripheral blood but also reduces the 

expression of specific genes within monocytes.

Myeloid suppressor cells are increasingly recognized to influence the response to 

cancer immunotherapy. However, therapies rationally targeting myeloid cells remain in 

clinical development. JAK inhibitors target pathways directly involved in the suppressive 

programming of MDSCs (10), however JAK inhibitors have been reported to promote (13, 

14, 45) or restrain MDSC function or migration depending on the disease model (46, 47). 

Moreover, JAK inhibitors exert direct effects on cancer cells (27), dendritic cells (48), NK 

cells (49), T cells (50) and other cell types (23), suggesting a context-dependent overall 

impact of therapeutic JAK inhibition. Our results suggest that in the presence of checkpoint 

inhibitors, ruxolitinib reduces suppressive gene expression in granulocytes, monocytes and 

macrophages while increasing MHC expression in these cells. Given the important role 

of JAK-STAT signaling in antigen presentation and T cell recruitment, complete ablation 

of JAK1/2 activity is unlikely to improve antitumor immunity or ICI response (39, 51). 

Notably, at the doses tested, T cell function and total numbers were preserved in mice as 

well as Hodgkin lymphoma patients. This is supported by observations in other studies 

in which T cell function was preserved at therapeutic doses of JAK inhibitors including 

preserved graft-versus-tumor effect in ruxolitinib-treated graft-versus-host disease (52, 53). 

Previously, reports showed PD-1 inhibition can be effective in individual patients treated 

with ruxolitinib (54, 55) despite the general immunosuppressive effects of ruxolitinib (56, 

57). Therefore, identifying patients likely to benefit from JAK inhibitors will be critical for 

its application to cancer therapy.

To underscore the synergy of JAK inhibition with ICI, we report the results of a phase 1 trial 

combining ruxolitinib with nivolumab in cHL patients who relapsed or are refractory (R/R) 

to ICI. Disease control rate (64%) and CR rate (31.5%) with a median duration of response 

over 1 year are remarkable in this setting and suggests novel mechanism of enhancing 

immunologic anti-tumor activity. Favorable response rate of this combination contrasts with 

the limited efficacy of ruxolitinib monotherapy in R/R cHL (58–60).

Classic Hodgkin lymphoma is characterized by frequent alteration of chromosome 9p 

and exhibit JAK2 and CD274 (PD-L1) copy number changes (61–63). Unexpectedly, the 

observed efficacy of inhibiting both pathways is strongly correlated with changes in myeloid 

cells. Ruxolitinib therapy for 7 days yielded reduction of PB MDSC in R/R cHL patients. 

Ruxolitinib therapy for 7 days yields reduction of PB MDSC and lowered the expression of 

MDSC-associated S100A8, S100A9 and of CD163 in PB monocytes in R/R cHL patients. 

CD163 is a gene associated with tumor-associated macrophages and its expression has been 

associated with high-risk HL (64, 65). G-CSF induces S100A8 and S100A9 expression 

and has recently been shown to enhance MDSCs in cancer patients, suggesting blockade 

of G-CSF may contribute to ruxolitinib’s efficacy (11). Our LCMV data and clinical and 

correlative findings in cHL together suggest that the observed myeloid cell changes are 

independent of cancer cell-intrinsic JAK signaling.
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Given the occurrence of suppressive myeloid cells in various tumor types (66) and 

adverse interference with immunotherapy, it is possible that JAK inhibition could improve 

checkpoint responses in other malignancies. Immune modulating effect of ruxolitinib when 

combined with ICI in Hodgkin lymphoma can abrogate a negative prognostic relevance 

of NLR for PFS (43, 67) and negative prognostic relevance of monocytes for nivolumab 

response. However, NLR is also associated with anti-PD-1 response in other tumor types 

including melanoma and lung cancer (68, 69). Indeed, combination therapy of the JAK 

inhibitor itacitinib with the anti-PD-1 antibody pembrolizumab in non-small cell lung 

cancer showed an encouraging 67% overall response rate in a Phase II clinical trial 

published jointly with this article (70). The itacitinib with pembrolizumab study reported 

favorable effects of JAK inhibition on CD8 T cell plasticity, suggesting that in addition 

to reprogramming myeloid cells and increasing T cell proliferation, JAK inhibitors may 

also enhance the ability of CD8 T cells to differentiate into more functional subsets. Our 

data highlight that ruxolitinib yields a synergistic effect with checkpoint blockade in cancer 

immunotherapy and this therapeutic combination offers an avenue to explore in future 

clinical trials designed to overcomes resistance to and/or enhance ICI therapy.

Materials and Methods:

Experimental design

Analysis of blood samples collected in a clinical trial was performed using all samples 

available collected at predetermined timepoints. Sample size for preclinical tumor studies 

was selected to detect an effect size of at least 1.5 as measured by tumor weight.

Clinical trial design

Patients were enrolled in a Phase I/II multi center, open-label, dose escalation/dose 

expansion study to evaluate the safety and tolerability of ruxolitinib when combined 

with nivolumab in patients with relapsed/refractory Hodgkin lymphoma (NCT03681561). 

Trial was approved by FDA (IND number 136877; VB is holder) and each institution’s 

Investigational Review Board (TSRI #IRB-19-7408 and #IRB-21-7803; UMN IRB 

#STUDY00001341) and conducted through the Big Ten Cancer Center Consortium. All 

patients signed the informed consent and were treated according to Declaration of Helsinki. 

Eligible patients had to exhibit refractory, relapsed or stable disease (less than partial 

remission) to prior checkpoint inhibitor treatment. Three dose levels of ruxolitinib were 

tested: 10 mg orally twice a day (bid), 15 mg bid, and 20 mg bid. The dose escalation used 

the continual reassessment method (CRM) with 2 patients per dose level 1 and 2. Planned 

duration of therapy was 2 years. Primary objective was to find the maximum tolerated dose 

(MTD) of ruxolitinib when given with nivolumab and characterize the safety and tolerability 

of this combination. Primary objective of expansion phase was to evaluate best overall 

response rate (ORR) and best overall disease control rate (DCR).

Clinical responses were evaluated by positron emission tomography (PET/CT) or CT scan at 

1, 3, 6, 9, 12, 18 and 24 months using the Lugano criteria adapted to immune-based therapy, 

the Lymphoma Response to Immunomodulatory Therapy Criteria (LYRIC)(40). LYRIC is 

identical to the Lugano criteria for CR and PR, however it uses an expanded definition of 
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indeterminate response (IR) to taken into account “tumor flare” and “pseudo-progression” 

both associated with immunomodulatory drugs. For patients with IR the subsequent scan 

determined CR, PR, SD or PD. There was 1 patient who had resolution of all disease with 

suspected hypermetabolic tumor flare in a new isolated area and subsequently underwent 

stem cell transplantation with IR disease status. To be assigned a status of CR or PR, 

changes in tumor measurements must be confirmed by repeat assessments performed no less 

than four weeks after the criteria for response are first met. Duration of overall response: the 

period measured from the time that measurement criteria are met for CR or PR (whichever 

status is recorded first) until the date that progressive disease is objectively documented. The 

objective response rate is the proportion of all patients with confirmed PR or CR according 

to LYRIC, from the start of treatment until disease progression/recurrence. The disease 

control rate is the proportion of all patients with stable disease (SD) for 8 weeks, or PR or 

CR according to LYRIC. Non-evaluable subjects received less than 1 month of prescribed 

therapy. Additional information on trial design is available on clinicaltrials.gov.

Human samples

We analyzed blood samples from patients with HL treated in the clinical trial of ruxolitinib 

with nivolumab (NCT03681561). Pre-planned blood collection for correlative endpoints 

occurred at baseline, 1 week of ruxolitinib therapy and 4 weeks of combined therapy 

of ruxolitinib with nivolumab. Peripheral blood mononuclear cells were isolated and 

cryopreserved according to standard protocols. Normal peripheral blood mononuclear cells 

were obtained through the TSRI Normal Blood Donor Services program (TSRI IRB 

#15-6710). Details on the patients whose samples were available for analysis in each 

experiment are given in Table S3.

Animal studies

Mouse studies were approved by the Institutional Animal Care and Use Committee 

(IACUC) of The Scripps Research Institute (TSRI IACUC #09-0098 and #15-0017) 

and performed in accordance with its guidelines. P14 mice were generated by Pircher 

et al. and are available as Jackson Laboratory stock 37394 (71). Wild type C57BL/6J 

mice were obtained from an institutional breeding colony derived from Jackson breeders 

(Jackson #000664). Wild type BALB/cByJ mice were obtained from Jackson (#001026). 

Sample sizes for mouse experiments were estimated using statistical power data from pilot 

experiments. Cohort expansion was performed for experiments with measurable differences 

between experimental groups that were initially statistically underpowered to establish 

significance. No samples were excluded from analysis.

Virus growth and titration

LCMV Clone 13 was passaged on BHK-21 cells as previously reported (72). Serum was 

isolated by low-speed centrifugation to remove red and white blood cells. 10 μl of serum was 

used to perform 10-fold serial dilutions and quantified by focus forming assay on VeroE6 

cells as previously described (73). BHK-21 and VeroE6 were provided by the Oldstone 

laboratory.
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Kinase inhibitor library screen

A library of kinase inhibitors was obtained from a commercial source (cat. HY-L008, 

MedChemExpress, Monmouth Junction, NJ). Spleens from LCMV-CL13 infected IFN-γ-

YFP mice were isolated at day 15 p.i. and single cell suspensions prepared. Following 

depletion of B cells, 2×105 cells were seeded in duplicate onto 96-well plate wells pre-

spotted with DMSO or library compounds at 1000 nM, 500 nM, 250 nM and 100 nM final 

concentration. Following a 5-day incubation period, the viability dye 7-AAD was added to 

each well (1:50 dilution) and plates were rested for 15 minutes. Cells were then analyzed on 

a ZE5 flow cytometer (Bio-Rad, Hercules, CA). Z scores were calculated for the frequency 

of YFP+ 7AAD− cells in compound wells compared to DMSO control wells.

Compound target gene enrichment analysis

Plate list of compounds in the ReFrame library (74) was filtered for duplicates such that only 

a single plate well per unique molecule was included. Compounds with autofluorescence in 

the YFP channel were removed by applying the threshold raw %YFP− CD8 T cells > 25. 

To obtain drug gene interactions, ChEMBL IDs were first retrieved using the ChEMBL 

API (Plate list of compounds in the ReFrame library (74) was filtered for duplicates 

such that only a single plate well per unique molecule was included. Compounds with 

autofluorescence in the YFP channel were removed by applying the threshold raw %YFP− 

CD8 T cells > 25. To obtain drug gene interactions, ChEMBL IDs were first retrieved 

using the ChEMBL API (https://chembl.gitbook.io/chembl-interface-documentation/web-

services/chembl-data-web-services), then the Drug Gene Interaction Database queried using 

ChEMBL IDs (19). JAK inhibitors were defined as compounds with a curated interaction 

with JAK1, JAK2 or JAK3. Fisher’s exact test was used to assess enrichment of JAK 

inhibitors among hit compounds.

T cell proliferation and intracellular cytokine detection assays

Splenocytes from LCMV-CL13 infected IFN- γ-YFP mice were labeled with CellTrace 

Violet (CTV) and seeded onto round-bottom 96-well plates at 2×105 cells/well in complete 

T cell media (10% FBS, L-glutamine, Pen/Strep, NEAA, Sodium Pyruvate, HEPES, β-

mercaptoethanol) supplemented with a cocktail of all known immunodominant LCMV CD8-

specific (LCMV-GP33-41, LCMV-GP276-286 and LCMV-NP396-404) and CD4-specific 

(LCMV-GP61-80) epitope peptides (75, 76). Cells were treated with either DMSO, 250 

nM ruxolitinib phosphate (LC Laboratories, Woburn, MA; #R-6688), 50 μg/ml anti-IFN-γ 
(BioXCell, # BE0055) or 25 μg/ml anti-PD-L1 (BioXCell, #BE0101). Brefeldin A (Thermo 

Fisher, #B7450) was added at a 1:500 dilution to each well 6 h prior to cell isolation to block 

T cell-specific cytokine secretion. Surface antigens were stained for 30 minutes on ice, cell 

fixed and permeabilized using the Transcription Factor Staining Buffer Set (Thermo Fisher, 

#00-5523-00). Permeabilized cells were then stained for intracellular antigens. To track 

GP-specific CD8 T cells in vitro, 1,000 congenic Thy1.1+ CD8+ T cells (P14) from TCR tg 

mice that recognize the LCMV-GP33-41 epitope (71) were engrafted into IFN-γ-YFP mice 

1 day prior to LCMV infection.
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Extracellular cytokine detection assay

Supernatants from in vitro IFN-γ-YFP cultures were isolated at day 3 and 5 post-ruxolitinib 

treatment. To measure IFN-γ protein, supernatants were diluted at 1:4 and measured by Bio-

Plex Pro mouse IFN-γ immunoassay (Bio-Rad, #171G5017M) according to manufacturer’s 

instructions.

Tumor models

7–8 week-old C57BL/6J (B6) mice were implanted intradermally in the right flank with 

1–5×105 cells (MC38 and knockout MC38 cell lines) or subcutaneously (s.c.) in the right 

flank with 1×106 (EL4) or 2.5×105 cells (LLC1). For A20 tumor experiments, 7–8-week-

old BALB/cByJ mice were implanted subcutaneously in the right flank with A20 4×106 

cells. For MC38 and LLC1 tumor-infiltrating lymphocyte analysis, mice were treated with 

anti-PD1 and anti-CTLA4 (ICI) when tumors were palpable and 1 week later (~d8 and d15 

for MC38 tumors) and 30 mg/kg ruxolitinib phosphate by oral gavage (LC Laboratories 

cat #R-6688) 2 days after the first ICI treatment and until the second ICI treatment. A20 

tumor bearing mice were treated as described in Figure 2B: once palpable, mice received ICI 

then daily ruxolitinib starting 2 days after the first ICI treatment. Mice were randomized at 

the start of treatment to prevent baseline size bias between groups. Investigators were not 

blinded to the mouse treatment groups.

For TIL isolation, 1–2 days post 2nd ICI treatment, tumors were excised, manually 

dissociated, incubated with collagenase, hyaluronidase and DNase (STEMCELL 

Technologies cat #07912, 100-0762) according to manufacturer’s instructions and mashed 

through 100 μm filters. TILs were then stained with surface antibodies and analyzed by 

flow cytometry. For intranuclear staining, cells were fixed overnight with FOXP3 Fixation/

Permeabilization reagent (eBioscience, catalog# 00-5523-00) and stained with nuclear 

protein targeting antibodies the following day. For blood analysis, blood was isolated using 

the retroorbital route and red blood cells lysed twice using Lonza ACK Lysing buffer 

(Lonza, Basel, Switzerland), then subjected to staining as described above. For bone marrow 

analysis, femur bone marrow was isolated and stained as described above. For splenocyte 

analysis, spleens were manually dissociated and mashed through 100 μm filters, then stained 

as described above. Ruxolitinib phosphate treatment was performed using daily oral gavage, 

concentration 30 mg/kg unless specified otherwise in text. Immune checkpoint inhibitor 

treatment was performed at the specified timepoint using anti-PD1 (50 μg/mouse, Leinco 

#P362) and anti-CTLA4 (50 μg/mouse, bioXcell #BE0164) or isotype controls (mouse 

IgG2b and rat IgG2a) by intraperitoneal injection. For cell depletion experiments, CD8 

T cells, NK cells and granulocytes were depleted using anti-CD8 (Leinco cat #C2442), 

anti-NK1.1 (bioXcell #BE0036) and anti-Ly6G (Leinco #L280) antibodies, respectively, 

or respective control antibodies (rat IgG2b, mouse IgG2a, rat IgG2a) using intraperitoneal 

injection 1 day before ICI treatment and every 2 days thereafter until end of ICI treatment. 

On-treatment depletion efficiency was verified by flow cytometry of peripheral blood cells.

Cell lines were obtained from ATCC (EL4: #TIB-39, A20: #TIB-208) and Kerafast (MC38 

#ENH204-FP). LLC1 cell line was a kind gift from Dr Linda Sherman. Jak1−/− and Jak2−/

− MC38 cells were kindly provided by Dr Antoni Ribas (39) and authenticated by bulk 
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RNA-seq which detected frameshift mutations at the Jak1 and Jak2 loci, respectively. The 

growth of intradermally implanted Jak1−/− and Jak2−/− MC38 cells in vivo was significantly 

slower compared to wt MC38 cells (Fig. S11A, S11G). Therefore, the tumors required 

additional days of in vivo growth before palpable and were smaller at harvest. Cellular 

analysis was performed 2 days after the second ICI treatment, equivalent to wt MC38 tumor 

analysis.

Myeloid cell functional assays

To test the ability of MDSCs to suppress NK cell proliferation and cytokine production, 

Gr1+ cells from MC38 tumors were isolated using the CD11b+ Gr1+ magnetic isolation 

kit (STEMCELL Technologies cat #19867) and incubated with NK cells isolated using the 

mouse NK cell isolation kit (STEMCELL Technologies cat #19855) from tumor-free wild 

type B6 mice in the indicated ratios in the presence of IL-2 as described previously (77). 

To test the ability of granulocytes to stimulate T cell proliferation, T cells were isolated 

from tumor-free wild type B6 mice using the mouse CD8 T cell isolation kit (STEMCELL 

Technologies cat #19853), labeled with Cell Trace Violet (Thermo Fisher cat #C34557) 

according to the manufacturer’s specifications; live CD11b+ Ly6G+ Ly6Clo were isolated 

from spleens of mice treated with ICI, ICI+rux, ruxolitinib or vehicle and incubated with the 

indicated ratios of T cells in anti-CD3/CD28 coated plates for 3 days, then analyzed by flow 

cytometry.

Immunohistochemistry

Freshly isolated tumor tissue was fixed using Bouin’s solution (Sigma Aldrich #HT10132) 

and subjected to tissue processing for paraffin-embedded sectioning according to standard 

protocols. Immunohistochemistry staining was performed using anti-NK1.1 antibody and 

3,3’ Diaminobenzidine (DAB) Substrate Kit.

High-throughput screen for compounds that rescue T cell exhaustion

An assay using a YFP-IFNγ reporter strain was developed and scaled to high throughput 

format as described previously (18). Briefly, B cell depleted splenocytes were prepared 

from LCMV-CL13 infected IFN-γ-YFP mice at day 15 p.i. Next, 5×104 cells were seeded 

onto 384-well plate wells pre-spotted with DMSO or ReFrame compounds at 5 μM final 

concentration. Following a 5-day incubation period, the viability dye 7-AAD was added 

to each well (1:50 dilution) and plates were rested for 15 minutes. Following a 5-day 

incubation period, the viability dye 7-AAD was added to each well (1:50 dilution) and plates 

were rested for 15 minutes.

Cell-free IC50 values were derived from the sources below.

Compound Reference

ruxolitinib (21)

tofacitinib (78)

CHZ868 (79)
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Compound Reference

AZD-1480 (80)

filgotinib (81)

peficitinib (82)

oclacitinib (83)

TG101209 (84)

NVP-BSK805 (85)

BMS911543 (86)

Flow cytometry

Surface staining: Single cell suspensions were incubated with 5% normal rat serum and rat 

anti-mouse CD16/CD32 antibody (BD Biosciences clone 2.4G2, RRID AB_394656) then 

stained with fluorophore-conjugated antibodies, washed and analyzed by flow cytometry 

without fixation. Intracellular staining: spleens from Cl13 infected mice were collected and 

dissociated manually. Red blood cells were lysed using Lonza ACK Lysing buffer (Lonza, 

Basel, Switzerland, #BP10-548E). Splenocytes were stained with LCMV-specific gp-33 

tetramer and surface antibodies then fixed overnight with FOXP3 Fixation/Permeabilization 

reagent (eBioscience, catalog #00-5523-00) and stained with intranuclear antibodies the 

following day. Stained cells were analyzed using the 5-laser Cytek Aurora (Cytek 

Biosciences, Fremont, CA). Gating schemes for human and mouse cell populations are 

given in Figures S13 and S17, respectively.

Antibodies for flow cytometry

Antibodies were obtained from commercial vendors. Details on antibody clones, fluorophore 

conjugates and catalog numbers are given below.

Index Antibody Fluorophore Clone Catalog# Vendor

1 Anti-active caspase-3 PE C92-605 550821 BD Biosciences

2

Anti-dog/cynomolgus 
monkey/human/ mouse/
non-human primate/Rat 
Ki-67 BUV496 SolA15 364-5698-82 ThermoFisher

3
Anti-human CD107a 
(LAMP-1) PE 301107 W18263B Biolegend

4
Anti-human CD107a 
(LAMP-1) Pacific Blue 328624 W18263B Biolegend

5 Anti-human CD11c PerCP/Cyanine5.5 3.9 301623 Biolegend

6 Anti-human CD123 APC 6H6 306011 Biolegend

7 Anti-human CD14 BUV805 61D3 368-0149-42 ThermoFisher

8
Anti-human CD15 
(SSEA-1) Alexa Fluor® 700 HI98 301919 Biolegend

9
Anti-human CD15 
(SSEA-1) FITC HI98 301903 Biolegend
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Index Antibody Fluorophore Clone Catalog# Vendor

10
Anti-human CD15 
(SSEA-1) Pacific Blue HI98 394703 Biolegend

11 Anti-human CD16 BV711 3G8 302043 Biolegend

12 Anti-human CD161 BV785 HP-3G10 339930 Biolegend

13 Anti-human CD163 Brilliant Violet 605™ GHI/61 333615 Biolegend

14 Anti-human CD19 BUV496 SJ25C1 364-0198-42 ThermoFisher

15 Anti-human CD19 APC/Cyanine7 SJ25C1 363010 Biolegend

16 Anti-human CD197 
(CCR7) PE/Fire™ 810 G043H7 353269 Biolegend

17 Anti-human CD1c Brilliant Violet 650™ L161 331541 Biolegend

18
Anti-human CD274 (B7-
H1, PD-L1) PE/Fire™ 810 29E.2A3 329755 Biolegend

19 Anti-Human CD3 BUV395 UCHT1 563548 BD Biosciences

20 Anti-Human CD3 PerCP/Cyanine5.5 UCHT1 300429 Biolegend

21 Anti-human CD33 PE/Cyanine7 P67.6 366617 Biolegend

22 Anti-human CD4 BV650 317435 OKT4 Biolegend

23 Anti-human CD45 Alexa Fluor® 700 HI30 304023 Biolegend

24 Anti-human CD45 PE/Dazzle™ 594 HI30 304051 Biolegend

25 Anti-human CD45 Alexa Fluor® 700 HI30 304023 Biolegend

26 Anti-human CD45 PE/Dazzle™ 594 HI30 304051 Biolegend

27
Anti-human CD56 
(NCAM) PE/Cyanine7 HCD56 362509 Biolegend

28 Anti-human CD68 PerCP/Cyanine5.5 Y1/82A 333813 Biolegend

29 Anti-human CD8a
Brilliant Ultra 
Violet™ 563 RPA-T8 365-0088-42 ThermoFisher

30 Anti-human CD90 (Thy-1) BIUV395 eBio5E10 363-0909-42 ThermoFisher

31
Anti-human CXCL10 
(IP-10) PE/Cyanine7 J034D6 519507 Biolegend

32 Anti-human LOX-1 BV421 15C4 358609 Biolegend

33 Anti-human/non-human 
primate/rhesus monkey 
CD56 (NCAM) BUV737 MTULY56 367-0566-42 ThermoFisher

34 Anti-mouse anti-mouse 
H-2Kb Pacific Blue AF6-88.5 116513 Biolegend

29 Anti-mouse Bcl-xL PE 7B2.5 MA5-28638 ThermoFisher

30
Anti-mouse CD107a 
(LAMP-1) PE 1D4B 121612 Biolegend

31
Anti-mouse CD107a 
(LAMP-1) Alexa Fluor® 647 1D4B 121610 Biolegend

32
Anti-mouse CD107a 
(LAMP-1) BV421 1D4B 121618 Biolegend

33
Anti-mouse CD115 
(CSF-1R) APC AFS98 135510 Biolegend

34 Anti-mouse CD11b BUV805 M1/70 368-0112-82 Thermo Fisher

35 Anti-mouse CD11c BV650 N418 117339 Biolegend
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Index Antibody Fluorophore Clone Catalog# Vendor

36 Anti-mouse CD163 PE/Dazzle™ 594 S15049I 155315 Biolegend

37 Anti-mouse CD163 PE/Cyanine7 S15049I 155319 Biolegend

38 Anti-mouse CD19 APC/Cyanine7 6D5 115530 Biolegend

39
Anti-mouse CD226 
(DNAM-1) PerCP/Cyanine5.5 10E5 128813 Biolegend

40
Anti-mouse CD244.2 (2B4 
B6 Alloantigen) PE/Cyanine7 m2B4 (B6)458.1 133511 Biolegend

41 Anti-mouse CD279 (PD-1) PE/Fire™ 810 29F.1A12 135253 Biolegend

42
Anti-mouse CD335 
(NKp46) PE 29A1.4 137603 Biolegend

43
Anti-mouse CD335 
(NKp46) FITC 29A1.4 137605 Biolegend

44 Anti-mouse CD366 (Tim-3) BV421 RMT3-23 119723 Biolegend

45 Anti-human LOX-1 BV421 15C4 358609 Biolegend

46

Anti-human/non-human 
primate/rhesus monkey 
CD56 (NCAM) BUV737 MTULY56 367-0566-42 ThermoFisher

47
Anti-mouse anti-mouse 
H-2Kb Pacific Blue AF6-88.5 116513 Biolegend

48 Anti-mouse Bcl-xL PE 7B2.5 MA5-28638 ThermoFisher

49 Anti-mouse CD107a 
(LAMP-1) PE 1D4B 121612 Biolegend

50 Anti-mouse CD107a 
(LAMP-1) Alexa Fluor® 647 1D4B 121610 Biolegend

51 Anti-mouse CD366 (Tim-3) BV785 RMT3-23 119725 Biolegend

52 Anti-mouse CD366 (Tim-3) BV711 RMT3-23 119727 Biolegend

53 Anti-mouse CD39 BUV 805 24DMS1 368-0391-82 ThermoFisher

54 Anti-mouse CD4 BV421 GK1.5 100437 Biolegend

55 Anti-mouse CD4 BUV737 GK1.5 367-0041-82 BD Biosciences

56 Anti-mouse CD4 BUV395 GK1.5 363-0041-82 BD Biosciences

57 Anti-mouse CD4 BUV805 RM4-5 368-0042-82 BD Biosciences

58 Anti-mouse CD4 BV605 GK1.5 100451 Biolegend

59 Anti-mouse CD4 APC/Cyanine7 GK1.5 100414 Biolegend

60 Anti-mouse CD4 eFluor™ 506 RM4-5 69-0042-82 Thermo Fisher

61 Anti-mouse CD43 PE/Dazzle™ 594 S11 143217 Biolegend

62 Anti-mouse CD45 BUV395 30-F11 363-0451-82 ThermoFisher

63 Anti-mouse CD45 BUV563 30-F11 365-0451-82 ThermoFisher

64 Anti-mouse CD45.2 BUV737 104 612779 BD Biosciences

65 Anti-mouse CD45.2 Alexa Fluor® 700 104 109822 Biolegend

66 Anti-mouse CD49b APC/Cyanine7 DX5 108905 Biolegend

67 Anti-mouse CD49b BUV563 HMα2 741280 BD Biosciences

68 Anti-mouse CD49b PE/Cyanine7 DX5 108921 Biolegend

69 Anti-mouse CD63 Alexa Fluor® 700 NVG-2 143923 Biolegend
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Index Antibody Fluorophore Clone Catalog# Vendor

70 Anti-mouse CD8a BV711 53-6.7 100747 Biolegend

71 Anti-mouse CD8a APC/Cyanine7 53-6.7 100714 Biolegend

72 Anti-mouse CD8a PE/Cyanine7 53-6.7 100722 Biolegend

73 Anti-mouse CD8a Alexa Fluor® 700 53-6.7 100729 Biolegend

74 Anti-mouse CD8a BUV805 53-6.7 368-0081-82 ThermoFisher

75 Anti-mouse CD8a Pacific Blue 53-6.7 100725 Biolegend

76 Anti-mouse CD9 PE/Dazzle™ 594 MZ3 124821 Biolegend

77
Anti-mouse CD90.2 
(Thy1.2) PerCP/Cyanine5.5 30-H12 105338 Biolegend

78 Anti-mouse F4/80 PerCP/Cyanine5.5 BM8 123127 Biolegend

79 Anti-mouse F4/80 PE/Dazzle™ 594 BM8 123145 Biolegend

80 Anti-mouse F4/80 APC/Cyanine7 BM8 123118 Biolegend

81 Anti-mouse GM-CSF FITC MP1-22E9 505403 Biolegend

82 Anti-mouse H-2D b PE/Cyanine7 KH95 111515 Biolegend

83 Anti-mouse I-A/I-E BV711 M5/114.15.2 107643 Biolegend

84 Anti-mouse I-A/I-E PerCP/Cyanine5.5 M5/114.15.2 107625 Biolegend

85 Anti-mouse IFN-γ Alexa Fluor® 488 XMG1.2 505813 Biolegend

86 Anti-mouse IFN-γ BV421 XMG1.2 505829 Biolegend

87 Anti-mouse IL-2 Alexa Fluor® 488 JES6-5H4 503813 Biolegend

88 Anti-mouse IL-2 BV605 JES6-5H4 503829 Biolegend

89 Anti-mouse Ki-67 PE 16A8 652404 Biolegend

90 Anti-mouse Ki-67 FITC 16A9 652410 Biolegend

91 Anti-mouse Ly-6C APC HK1.4 128015 Biolegend

92 Anti-mouse Ly-6C PerCP/Cyanine5.5 HK1.4 128011 Biolegend

93 Anti-mouse Ly-6C Pacific Blue HK1.4 128013 Biolegend

94 Anti-mouse Ly-6G Alexa Fluor® 488 1A8 127626 Biolegend

95 Anti-mouse Ly-6G APC/Cyanine7 1A8 127623 Biolegend

96 Anti-mouse Ly-6G BV421 1A8 127627 Biolegend

97 Anti-mouse Ly-6G PE/Cyanine7 1A8 127617 Biolegend

98 Anti-mouse Ly-6G BV605™ 1A8 127639 Biolegend

99 Anti-mouse Ly-6G BV650™ 1A8 127641 Biolegend

100 Anti-mouse Ly-6G PE/Fire™ 810 1A8 127673 Biolegend

101 Anti-mouse Ly49H PE/Cyanine7 144713 3D10 Biolegend

102 Anti-mouse Ly49H Alexa Fluor® 647 144709 3D10 Biolegend

103 Anti-mouse Ly6C BV605 HK1.4 128036 Biolegend

104 Anti-mouse Ly6C PerCP/Cyanine5.5 HK1.4 128011 Biolegend

105
Anti-mouse MHC Class II 
(I-A/I-E) BUV496 M5/114.15.2 364-5321-82 ThermoFisher

106 Anti-mouse NK-1.1 BUV661 PK136 741477 BD Biosciences

107 Anti-mouse NK-1.1 BUV661 PK136 741477 BD Biosciences
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Index Antibody Fluorophore Clone Catalog# Vendor

108 Anti-mouse NK1.1 BV711 PK136 108745 Biolegend

109 Anti-mouse NK1.1 APC/Cy7 PK137 108724 Biolegend

110 Anti-mouse NK1.1 BUV496 PK136 364-5941-82 ThermoFisher

111 Anti-mouse TCR β chain Alexa Fluor® 700 H57-597 109223 Biolegend

112 Anti-mouse TCR β chain PE/Cyanine7 H57-597 109221 Biolegend

113 Anti-mouse TNF-α BV605 MP6-XT22 506329 Biolegend

114 Anti-mouse TNF-α APC/Cyanine7 MP6-XT22 506343 Biolegend

115 Anti-mouse TNF-α PerCP/Cyanine5.5 MP6-XT22 506321 Biolegend

116 Anti-mouse TREM2 FITC 78.18 MA5-28223 ThermoFisher

117
Anti-mouse/human 
Arginase 1 BUV805 A1exF5 368-3697-82 Thermo Fisher

118 Anti-mouse/human CD11b BV650 M1/70 101239 Biolegend

119 Anti-mouse/human CD11b PE/Dazzle™ 594 M1/70 101256 Biolegend

120 Anti-mouse/human CD11b PerCP/Cyanine5.5 M1/70 101228 Biolegend

121 Anti-mouse/human CD11b BV421 M1/70 101235 Biolegend

122 Anti-mouse/human CD11b BV650 M1/70 101239 Biolegend

123 Anti-mouse/human CD11b Alexa Fluor® 700 M1/70 101222 Biolegend

124 Anti-mouse/human CD44 PE/Cyanine5 IM7 103009 Biolegend

125 Anti-mouse/human CD44 BV650 IM7 103049 Biolegend

126 Anti-mouse/human CD44 PE/Cyanine7 IM7 103029 Biolegend

127 Anti-mouse/human CD44 BV785 IM7 103059 Biolegend

128 Anti-mouse/human CD44 BUV563 IM7 365-0441-82 ThermoFisher

129
Anti-mouse/human KLRG1 
(MAFA) APC/Cyanine7 138425 2F1/KLRG1 Biolegend

130
Anti-mouse/human TCF1/
TCF7 Alexa Fluor® 488 C63D9 6444S Cell Signaling

131
Anti-mouse/human TCF1/
TCF7 PE-Cy7 C63D9 90511S Cell Signaling

132
Anti-mouse/human TCF1/
TCF7 PE C63D9 14456S Cell Signaling

133
Anti-mouse/human TCF1/
TCF7 Alexa Fluor® 700 C63D9 90904S Cell Signaling

134 Anti-mouse/rat Bcl-2 PE/Cyanine7 BCL/10C4 633512 Biolegend

Bulk RNA sequencing

For bulk PBMC RNA-seq analysis, RNA was isolated using RNeasy Mini kit (Qiagen, 

#74104), polyA+ library preparation performed and followed by 2×150 bp NovaSeq 6000 

(Illumina) sequencing. For bulk RNA-seq analysis of sorted cells, RNA was isolated using 

Arcturus Picopure RNA kit (Thermo), converted to cDNA and subjected to amplification 

followed by 2×150 bp sequencing on the NovaSeq 6000 (Illumina).
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Single-cell RNA-sequencing

Live single cells were isolated from peripheral blood mononuclear cells using flow 

cytometry. All samples were subjected to 3’ transcriptome single-cell library preparation 

using Chromium Single Cell Gene Expression kit version 3.1 (10X Genomics, Pleasanton, 

CA). For CITE-seq experiments, cells were first stained using TotalSeq B DNA barcoded 

antibodies (Biolegend) including cell hashing antibodies, then subjected to single-cell 

transcriptome and barcode library preparation using the Chromium Single Cell Gene 

Expression kit version 3.1 (10X Genomics, Pleasanton, CA). Libraries were sequenced 

using NextSeq 2000 or NovaSeq 6000 (Illumina, San Diego, CA) to an average depth of 

10,000 reads per cell.

Bulk RNA-seq analysis

Reads were aligned to the mouse genome and genic reads quantified using STAR version 

2.7.0f (Dobin et al., 2013) and Ensembl version 101 GRCm38 or GRCh38 genome 

and transcriptome annotations. Normalization, differential expression analysis, principal 

component analysis were performed using R package DESeq2 v1.35.0 (Love et al., 2014); 

heatmaps were constructed using R package ComplexHeatmap v2.12.0. Gene counts for 

publicly available studies GSE83978, GSE147910 were obtained from the Sequence Read 

Archive and analyzed using the same pipeline. Analyses were performed using R v4.2.0 

(Team, 2008). Digital cytometry was performed using CIBERSORTx (87) in single-cell 

RNA-seq reference mode. The Seurat large PBMC dataset was used as the reference (88).

Single-cell RNA-seq analysis

Raw sequencing data were demultiplexed using cellranger mkfastq v6.1 (10X Genomics). 

Cellranger count v6.1 (10X Genomics) was used to identify cells, align cDNA reads, 

identify hashtag barcode – cell barcode reads, count reads per gene and produce a cell-gene 

count matrix. Cellranger-associated genome references (GRCh38 and mm10) were used. 

Filtering of low-quality cells, filtering of doublets, dimensionality reduction, clustering and 

visualization were performed using Seurat v4.0.1.

Statistical tests

All replicates in this study were biological replicates unless explicitly described otherwise. 

Statistical comparisons of experimental data were performed using tests appropriate for 

the type of data and comparison being made. Fisher’s exact test was used to compare the 

frequency of members of a specific class in two different groups, for example the frequency 

of JAK inhibitors among hit and non-hit compounds. Student’s two-tailed t-test was used to 

compare two groups with continuous data in which normality could be reasonably assumed. 

One-way ANOVA with Dunnett’s post-test was used to compare multiple groups with 

continuous data with respect to a single control group. One-way ANOVA with Sidak’s 

multiple comparisons post-test was used to compare selected groups in a multi-group 

experiments. The log-rank test was used to compare survival between groups. Two-way 

ANOVA was used to compare the rate of tumor growth between groups. The Coefficient 

of determination was used to measure correlation. Statistical normalization and differential 

expression analysis of bulk RNA-seq data was performed using DESeq2 using the default 
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Wald test. DESeq2 was also used to perform differential expression analysis of scRNAseq 

data with replicates using pseudobulk counts. Student’s ratio paired test was used to assess 

the change in paired values of continuous variables before and after ruxolitinib treatment. 

The GSEA test was used to assess significance of gene set expression analysis. Statistical 

testing was performed using R version 4.2.2, Prism v10 (GraphPad Software, Boston, MA) 

or GSEA (89).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. JAK1/2 inhibitors rescue proliferation of cytokine-producing CD8 T cells without 
impairing viral control.
(A-C) In vitro Cl13: splenocytes from LCMV Cl13 infected IFNγ-IRES-YFP mice were 

harvested at 15 days post infection and cultured in the presence of LCMV peptides for 5 

days (more details see Materials and Methods). (A) Validation assay: effect of ruxolitinib 

and anti-PD-L1 treatment on endogenous IFN-γ labeled by intracellular staining, splenocyte 

culture conditions equivalent to primary assay with B6 mice substituted for YFP-IFN-γ 
mice. (B) Dose response and EC50 calculation of ruxolitinib in enhancing %YFP+ of CD8 

T cells in 5-day culture assay. (C) CITE-seq of splenocyte cultures treated with ruxolitinib 

or vehicle, cells analyzed at d0 and d4 of treatment, dot plot shows relative number of cells 

in each cluster in ruxolitinib vs vehicle treated wells, taking into account the total number 

of cells recovered. (D-E) In vivo Cl13: B6 mice were infected with Cl13 and treated with 

vehicle or ruxolitinib by daily gavage: (D) Flow cytometric assessment of splenic DCs, (E) 

splenic CD44+ CD8 T cells from Cl13 infected mice treated with ruxolitinib or vehicle at 

10 dpi. For myeloid clusters, only clusters with >=10 cells per sample in the ruxolitinib 

group were quantified. Experiments were performed once (C) or 2–4 times (A-B, D-E) 

and representative results shown. Bars show standard deviation. Statistical comparison of 

experimental groups was performed using one-way ANOVA with Dunnett’s post test (A), 

unpaired Student’s t-test (D-E).; Treg, T regulatory cell; DC, dendritic cell; Tcm, T central 

memory cell; Tex, T exhausted cell; Tpex, T progenitor exhausted cell; *, p ≤ 0.05; ***, p ≤ 

0.001; ****, p ≤ 0.0001.

Zak et al. Page 29

Science. Author manuscript; available in PMC 2024 December 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. Ruxolitinib enhances the efficacy of checkpoint blockade cancer immunotherapy.
(A, C-G) Mice were implanted with MC38 tumor cells and treated as described in the 

experimental scheme in 4 experimental groups, tumor measurements were performed every 

2–3 days after tumors became palpable. (B) Wild type BALB/c mice implanted with A20 

tumor cells were treated with ICI or isotype control when palpable and ruxolitinib or vehicle 

daily starting 2 days after the first ICI injection. (C-D) Dimensionality reduced map of 

MC38 tumor-infiltrating cells, treatment groups as described in A; bar graph shows the 

share of sample cells in each cluster relative to the mean share in vehicle treated samples. 

Clusters were color-coded as C0 = red, C1 = brown, C2 = green, C3 = turquoise, C4 = sky 

blue, C5 = purple, C6 = soft maroon. (E-G) Tumor-infiltrating CD45+ cells in mice treated 

as in 2A were analyzed by flow cytometry at d18 post implantation; (E) flow cytometric 

quantification of granulocytes. (F-G) Flow cytometric quantification of CD44hi CD8 T (F) 

and CD4 T cells (G). Statistical comparison of experimental groups was performed by two 

way-ANOVA (A-B), one-way ANOVA and Sidak’s post-test (E-G), two-tailed Student’s 

t-test (D). Experiments were performed 2–5 times and pooled (A-B, survival analysis) or 

representative results shown (C-G). Treatment groups were color-coded as vehicle = grey, 

ruxolitinib = orange, ICI = blue, ICI+ruxuxolitinib = red. Bars represent standard deviation 

(D-G) or s.e.m (A-B); anti-PD-1, anti-PD-1; ICI, immune checkpoint blockade; NK, natural 

killer cell; *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ****, p ≤ 0.0001.
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Fig. 3. Ruxolitinib reprograms tumor-infiltrating myeloid cells to enhance lymphocyte 
proliferation.
(A) MC38 tumor bearing mice were treated with Ly6G-depleting antibody (aLy6G) or 

isotype control 2 days prior to treatment with ICI/isotype and ruxolitinib/vehicle, then 

every 2 days until end of ruxolitinib/vehicle treatment, tumor volume measured every 2–4 

days (A) and tumors analyzed at d18 post implantation. (B) Genes differentially expressed 

between ICI+ruxolitinib treated and ICI treated mice in tumor-infiltrating granulocytes 

analyzed by scRNAseq. (C) Flow cytometry analysis of tumor-infiltrating granulocytes at 

d18 post implantation, treatment groups as described in Figure 2A. (D) Splenic granulocytes 

(CD11b+ Ly6Ghi Ly6Cint) from mice treated as described in Fig. 2A were sorted and 

mixed with purified, CTV-labeled T cells at the ratios indicated and cell mixtures subjected 

to anti-CD3/CD28 stimulation, flow cytometry analysis at d3 of assay. (E) MC38 tumor 

bearing mice were treated as described in Figure 3A with the additional experimental group 
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treated with anti-Ly6G + ICI + ruxolitinib, tumors analyzed 2d after treatment cessation. 

(F-H) MC38 tumor bearing mice were treated as in Figure 3A and tumor-infiltrating cells 

analyzed 2d after treatment cessation. Experiments were performed 2–3 times with 6–8 mice 

per group and representative results shown; scRNAseq was performed once with 2 mice per 

group. Bars show s.e.m. (A) or standard deviation (all other panels). Statistical comparison 

of treatment groups was performed using two-way ANOVA (A left panel), one-way ANOVA 

with Sidak’s post-test (A right panel, C, E-H), or DESeq2 Wald test (B); ICI, immune 

checkpoint blockade; CTV, cell trace violet; *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ****, 

p ≤ 0.0001.
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Fig. 4. Systemic myeloid reprogramming by ruxolitinib results in blocking G-CSF.
(A-C) Integrated CITE-seq analysis of tumor-infiltrating myeloid cells from EL4, LLC1 

and MC38 tumors: (A) dimensionality-reduced plot and clustering of integrated dataset; 

(B) mRNA markers of 11 clusters. (C) Difference in relative cluster share between 

ICI+ruxolitinib treated mice and respective ICI treated controls, right: MoMac-VERSE 

(29) clusters most closely aligned with the observed clusters based on marker genes. 

(D-F) Bone marrow and blood from mice treated as in Figure 2A were analyzed by 

CITE-seq and flow cytometry: (D) dimensionality reduced map and clustering of combined 

dataset. (E) Flow cytometric analysis of bone marrow granulocytes; (F) relative expression 

of differentially expressed genes between ruxolitinib treated and vehicle treated mice in 

cluster 0 (differentiated neutrophils), MDSC markers shown in bold italic. (G) Expression of 

ruxolitinib-regulated genes in myeloid cells cultured in the presence of G-CSF for 0–5 days 

(GSE147910), MDSC markers in bold italic, right: volcano plot of G-CSF regulated genes 

at d1-5 vs d0, ruxolitinib-inhibited genes highlighted in blue. (H) MC38 tumor bearing 

mice were treated with low-dose G-CSF neutralizing antibody or isotype control every 

3 days once palpable and ICI or isotype control once palpable and 7 days later, tumor 
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size measured every 2 days; DEG, differentially expressed gene; moDC, monocyte-derived 

dendritic cell, mac, macrophage; ICI, immune checkpoint blockade. CITE-seq experiments 

were performed once and integrated data shown; experiments depicted in panels E and H 

were performed 2–3 times and representative results shown. Bars show standard deviation 

(E). Statistical comparison of experimental groups was performed using one-way ANOVA 

with Sidak’s post-test (E), DESeq2 Wald test (F-G) or two-way ANOVA (H); *, p ≤ 0.05; 

**, p ≤ 0.01; ***, p ≤ 0.001.
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Fig. 5. Ruxolitinib and nivolumab show efficacy in patients with relapsed or refractory classical 
Hodgkin lymphoma in a phase I clinical trial.
(A) Treatment and sample collection schedule. (B) Waterfall plot depicting tumor burden 

change as quantified by the sum of the product of diameters (SPD) change from baseline 

and best response as evaluated by LYRIC criteria. (C-K) Peripheral blood samples were 

collected at baseline and 8 days post-ruxolitinib treatment (C1d8), subjected to hematologic 

analysis and mononuclear cells isolated for further analysis: (C) absolute lymphocyte 

counts established by hematologic analyzer. (D) Neutrophil-to-lymphocyte ratio calculated 

as absolute neutrophil count divided by absolute lymphocyte count. (E) Change in the 

expression of PMN-MDSC markers by Veglia et al. as quantified by GSEA in bulk RNA-seq 

data. (F) Flow cytometric quantification of LOX1+ PMN-MDSCs in patients and normal 
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donors. (G) Relative change in cytokine transcriptomic scores after ruxolitinib compared 

to baseline, MDSC associated cytokines highlighted. (H) Single-cell RNA-seq analysis of 

live PBMCs from 5 patients pre- and post-ruxolitinib: integrated dimensionality reduction 

and clustering and relative change in cluster frequencies post-ruxolitinib. (I) Change in 

NLR grouped by best clinical response. (J) Change in CIBERSORTx-estimated monocyte 

percentage grouped by best response. (K) Genes whose change in expression differs 

significantly between responders and non-responders, quantified by bulk RNA-seq; C2d1 is 

a timepoint after the first nivolumab dose. DEG, differentially expressed gene; ASDC, Axl+ 

Siglec6+ dendritic cells; GSEA, gene set enrichment analysis; CR, complete response; IR, 

indeterminate response; PD; progressive disease; PR, partial response; SD, stable disease; 

ORR, overall response rate; NES, normalized enrichment score; DC, dendritic cell; ILC; 

innate lymphoid cells; NK, natural killer cell; RBC, red blood cell; prog., progenitor 

cell; C1d8, Cycle 1 day 8; C2d1, Cycle 2 day 1; FDR, false discovery rate; MAIT, 

mucosal associated invariant T cell. Bars show standard deviation. Statistical comparison 

of experimental groups was performed using ratio paired Student’s t-test (C-D, F), GSEA 

test (E), one-way ANOVA with Sidak’s post-test (I-J), one-way ANOVA (K left) or two-way 

ANOVA (K right) (89).
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