Quantitative measurement of activity of JAK-STAT signaling pathways in blood samples and
immune cells to predict innate and adaptive cellular immune response to viral infection and

accelerate vaccine development.

Wilbert Bouwman?, Wim Verhaegh?, Laurent Holtzer?, Anja van de Stolpe?

1. Philips Research, Eindhoven, The Netherlands
2. Philips Molecular Pathway Dx, Eindhoven, The Netherlands

Contributions:
Wilbert Bouwman: data and results analysis
Wim Verhaegh and Laurent Holtzer: pathway model development

Anja van de Stolpe: pathway model development, results analysis, concept, writing

Corresponding author:
Anja van de Stolpe, MD, PhD
Philips Molecular Pathway Dx, Philips, Eindhoven, The Netherlands

Anja.van.de.stolpe@philips.com

+31 612784841

Conflict of interest: all authors are employees of Philips

Abstract

The host immune response determines the clinical course of a viral infection, for example in case
of COVID-19 infection. The effectiveness of vaccination also depends on the induced immune
response. Currently there is no method to measure the cellular immune response in blood
samples. The functional activity of cells of innate and adaptive immune system is determined by
coordinated activity of signaling pathways, especially the JAK-STAT pathways. Using a previously

described approach we developed mRNA-based tests to measure activity of these signaling
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pathways, and show that they can be used to measure in a quantitative manner the cellular
innate and adaptive immune response to a viral infection or vaccine in whole blood, PBMC, and
specific immune cell type samples. Pathway activity level and range in healthy individuals was
established, enabling interpretation of a pathway activity score on a patient sample without the
need for a reference sample. Evidence is presented that the pathway activity analysis may also
be useful for in vitro vaccine development and assessment of vaccine immunogenicity. Other
envisioned applications lie in development of immunomodulatory drugs and drug response
prediction and monitoring. Tests are expected to be of value in the COVID-19 crisis. In addition to
the described Affymetrix microarray-based pathway tests for measuring host immune response,
gPCR-based versions are in development; the latter can in principle be performed within three

hours in routine hospital labs.

Introduction

A good functioning immune system is crucial to protect against diseases, such as viral and
bacterial infections and cancer (1). It generates an immune response to non-self antigens, such as
a component of a virus, or an abnormal protein produced by a cancer cell. Briefly and highly
simplified, an immune response consists of an innate immune response which has an
inflammatory component and is responsible for rapid non-specific attack and removal of
pathogens and for presentation of pathogen-derived antigens to the cells of the adaptive
immune response, which is responsible for generating long term immunity. Both parts of the
immune system contain different immune cell types that cooperate to generate an effective
immune response. They communicate via a large number of cytokines, such as interleukins and
interferons. Cytokines convey messages from one cell to the other by binding to specific cellular
receptors to activate cellular signal transduction pathways, especially the JAK-STAT pathways,
resulting in production of proteins that adapt the function of the immune cell as response to the
cytokine signal. In this highly organized system, dendritic cells are the most important antigen
presenting cells bridging the innate and adaptive immune system. The adaptive immune
response consists of a humoral response, that is, antibodies specifically generated against the
pathogen by B-cells, and a cellular immune response, effectuated by cytotoxic T-cells. For an
adequate response to a dominantly intracellular pathogen, such as a virus or in case of cancer
cells, the cellular immune response is of prime importance, in addition to the production of

neutralizing antibodies. The effectiveness with which the immune system can mount a response
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to a pathogen is determined by multiple factors, such as the amount and type of pathogen,
genetic variations in relevant immune genes, patient comorbidities, and use of drugs which may
have a suppressive, or stimulating, effect on the immune system.

Viral infections can create worldwide disasters, as exemplified by the COVID-19 pandemic,
caused by the SARS-CoV-2 virus (2). A major clinical problem caused by infection with this
respiratory virus is rapid deterioration in a subset of patients with pneumonia, requiring
admission to an intensive care unit (ICU), frequently with prolonged invasive ventilation and
detrimental outcome (3),(4). Other respiratory viruses, such as other coronaviruses (e.g. SARS
and MERS) but also other viruses like the Respiratory Syncytial Virus (RSV) can cause similar
clinical behavior in a subset of patients. Many other types of viruses, that do or do not specifically
target the respiratory system, can also cause epidemics associated with high mortality and
serious complications, e.g. influenza, ebola, measles, yellow fever, etc.

The clinical course of a viral infection is strongly determined by the host immune response,
emphasized in the case of COVID-19 by the extreme differences in symptomatology and clinical
outcome, ranging from mild symptoms, or even unnoticed infection, to Acute Respiratory
Distress Syndrome (ARDS) with high mortality rate (2),(3),(5). Measuring the functional state of
the innate and adaptive immune response in a blood sample of a patient is expected to improve
prognosis prediction, and to support development of vaccines and safe immunomodulatory
treatments to improve immune response and clinical outcome.

We describe development, as well as evaluation in preclinical and clinical studies, of an mRNA-
based test to quantify the immune response to a viral infection, based on measuring activity of
the JAK-STAT1/2 and JAK-STAT3 signal transduction pathways in a whole blood or Peripheral
Blood Mononuclear Cell (PBMC) sample, or in separate immune cell types. The technology used
to develop tests to measure activity of signal transduction pathways is based on measuring the
mMRNA levels of target genes of the pathway-specific transcription factor and has been described

before (6),(7),(8),(9),(10),(11),(12) ,(13).

Methods

Development of JAK-STAT1/2 and JAK-STAT3 pathway tests

Development of tests to measure JAK-STAT1/2 and JAK-STAT3 pathway activity were developed as
described before (6),(7),(8). In brief, target genes of the STAT transcription factors of the

respective pathways were identified, and a Bayesian network computational model was created
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for interpretation of measured mRNA levels of the pathway target genes. For the purpose of this

study, target gene mRNA levels were derived from Affymetrix expression microarray data (6).

The mathematical approach to develop Bayesian network models for the interpretation of the
transcription factor target gene mRNA levels has been described previously in detail (6). A causal
computational network model is built, enabling inference of the probability that the pathway-
associated transcription factor is in an active state, binding to and transcribing its target genes
(Figure S1). The Bayesian network describes (i) the causal relation that a target gene is up- or
downregulated depending on the transcription factor being active or inactive and (ii) the causal
relation that an AffymetrixU133Plus2.0 probeset signal is high or low, depending on the target
gene being up- or down regulated. Model parameters for (i) have been based on literature
evidence, and for (ii) are based on data from calibration samples with known signalling pathway
activity, that is, either active or inactive. Target genes for the JAK-STAT1/2 and JAK-STAT3 pathway
model were selected using available scientific literature (Supplementary Table S2, and
Supplementary methods). Following model calibration and model parameter freeze, mRNA
probeset measurements of a new sample can be entered into the model, and Bayesian inference
is used to calculate probability P that the transcription factor, and therefore the signalling
pathway, is active. Pathway activity score can be presented as log2odds value log, (P / (1 - P)),
which can optionally be normalized on a scale from 0-100 (6),(7),(8). Quantitative log2odds
pathway activity scores are used in the figures and results description. JAK-STAT1/2 and JAK-STAT3
Pathway models were biologically validated on independent public available (14) Affymetrix HG-

U133Plus2.0 microarray data of samples with known pathway activity.

Analysis of Affymetrix microarray datasets from preclinical and clinical studies

Using the developed signaling pathway tests for JAK-STAT1/2 and JAK-STAT3 pathways, public
Affymetrix HG-U133Plus2.0 microarray expression datasets from preclinical and clinical studies
(deposited in the GEO database (14)) were analyzed and log2odds pathway activity scores
calculated. In one dataset a previously described pathway test to measure NFkB pathway activity

was used (8).

Microarray data quality control

Quality control (QC) was performed on Affymetrix data of each individual sample (15),(16). In

summary, QC parameters include: the average value of all probe intensities, presence of negative
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or extremely high (> 16-bit) intensity values, poly-A RNA (sample preparation spike-ins) and
labelled cRNA (hybridization spike ins) controls, GAPDH and ACTB 3’/5’ ratio, centre of intensity
and values of positive and negative border controls determined by affyQCReport package in R,
and an RNA degradation value determined by the AffyRNAdeg function from the Affymetrix

package in R (17),(18). Samples that failed QC were removed prior to data analysis.

Statistics

Boxplots and individual sample plots were made using the Python data visualization library
function seaborn; additional statistical annotations were created using the Python package
statannot (19),(20). T-test or two sided Mann-Whitney-Wilcoxon testing was used to compare

pathway activity scores across groups. p-values are indicated in the figures.

Results

Development and validation of the JAK-STAT1/2 and JAK-STAT3 pathway assay

Target genes that were identified and used to develop the JAK-STAT1/2 models and the JAK-
STAT3 models are listed in Supplementary Table S1. The Bayesian model developed for the JAK-
STAT1/2 pathway was calibrated on Affymetrix data from samples stimulated with IFN type I
(GSE38351, (21)). Both types of interferon activate the JAK-STAT1/2 pathway (22). In this study,
PBMC samples from patients with rheumatoid arthritis had been stimulated with type | and type
Il IFN, while untreated samples and TNFa-stimulated samples were used as STAT1/2 pathway
inactive controls (Figure S2A). The calibrated JAK-STAT1/2 pathway model measured both IFN
type | and type Il activity of the JAK-STAT1/2 pathway (Figure S2B). Biological validation of the
calibrated and frozen pathway model was performed on independent datasets in which either
IFN type | or IFN type Il had activated the pathway. Pathway activity was correctly measured in
natural killer (NK) cells stimulated in vitro with IFNa-2b (IFN type 1) (Figure S2C) (GSE15743, (23)),
and in dendritic cells stimulated with IFNB (IFN type 1) (Figure S2D) (GSE52081, (24)) Stimulation
with IFNy (IFN type Il) induced an increase in pathway activity scores in respectively THP-1
monocytic cells (Figure S2E) (GSE58096, (25)), dendritic cells (Figure S2F) (GSE11327, (26)), and
monocytes (Figure S2G) (GSE11864, (27)).

The JAK-STAT3 pathway can be activated by several cytokines that bind to their respective
receptors, resulting in activation of JAK1 and formation of a STAT3 homodimer which transcribes

target genes (28),(29). The JAK-STAT3 pathway model was calibrated on T cell leukemia cells, in
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the absence or presence of interleukin 2 (IL2) stimulation to activate the pathway (Figure S3A)
(GSE8687, (30)). Validation of the JAK-STAT3 pathway model was performed on independent
datasets with known JAK-STAT3 pathway activity: IL-2, IL-15, and IL10, known to induce JAK-
STAT3 pathway activity, induced an increase in pathway activity scores in a Sezary (Sez)
cutaneous lymphoma cell line and in PBMCs (Figures S3B, S3C) (GSE8685, (30); GSE43700, (31)).
IgG was also reported to induce JAK-STAT pathway activity and incubation of the Sez cell line with
IlgG-coated beads increased JAK-STAT3 pathway activity scores (Figure S3D) (GSE8507, (32)). In
clinical patient sample data of knee synovial biopsies from patients with rheumatoid arthritis JAK-
STAT3 pathway activity scores decreased after treatment with Tocilizumab, an inhibitor of the IL6
ligand of the JAK-STAT3 pathway, and not after treatment with methotrexate (Figure S3E)
(GSE45867, (33)). In summary, the JAK-STAT1/2 and the JAK-STAT3 pathway model performed as

expected on independent preclinical and clinical sample data.

Measuring JAK-STAT1/2 and JAK-STAT3 pathway activity in blood samples of clinical viral
infection studies

JAK-STAT signaling pathways transduce cytokine signals induced by a viral infection into
functional changes in immune cells. To investigate potential clinical value of measuring JAK-
STAT1/2 and JAK-STAT3 pathway activity in patients with a viral infection, pathway activity was
measured on gene expression data from clinical studies on infections with influenza, respiratory

syncytial virus) (RSV), dengue, yellow fever, rotavirus, and hepatitis B virus.

Activity of the JAK-STAT1/2 pathway in PBMCS distinguished between viral and bacterial
infectious disease.

In a clinical study in which PBMC sample data were analyzed from patients with an influenza
virus infection and from patients with a bacterial infection with either S. Pneumonia or S. Aureus,
activity of the JAK-STAT1/2 pathway was significantly increased in patients with a viral infection.
In contrast, activity of the JAK-STAT3 pathway did not distinguish sufficiently between viral and

bacterial infections (Figure 1).
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JAK-STAT1/2 pathway

JAK-STAT3 pathway

B

Figure 1. JAK-STAT1/2 (A) and STAT3 (B) pathway activity analysis of dataset GSE626. PBMC samples of
pediatric patients with acute infection with influenza virus (blue), S. Pneumoniae (orange) or S. Aureus
(green). Pathway activity score on Y-axis in log2odds. Two sided t-test independent tests were performed;
p-values are indicated in the figures. P-values indicate: *p<0.05; **p<0.01.

JAK-STAT1/2 and JAK-STAT3 pathway activity are induced in blood cells by viral infection and JAK-
STAT3 pathway activity distinguished between mild and severe infection

Some viral infections are known for their variation in disease severity. The RSV virus is a
respiratory RNA virus which predominantly infects children and presents with a large variation in
disease severity. Dengue virus infection also can run a more severe disease course, presenting as
Dengue Hemorrhagic Fever (DHF). In PBMC samples of patients with one of these viral infections,
JAK-STAT1/2 pathway activity scores were increased irrespective of the degree of severity of the

infection (Figure 2A and 3A). However, activity of the JAK-STAT3 pathway was significantly higher
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DHF, however the latter did not reach significance (n=3) (Figure 2B and 3B). In a separate clinical
study, CD8+ T cells had been isolated from patients with Dengue and Dengue Hemorrhagic Fever
(DHF). In this T cell subtype, again activity of both JAK-STAT pathways was increased in patients,
but JAK-STAT3 pathway activity was not higher in the severe DHF disease variant (Figure 3C,D).
Dengue virus can induce partial immunosuppression, and the PBMC blood samples that had been
collected at various time points during the disease enabled investigation of the relation between
JAK-STAT pathway activity and this immunosuppressive effect of the virus. JAK-STAT1/2 pathway
activity rapidly decreased; in DHF the decrease was already significant two days after clinical
presentation, in DF after day 5, while the JAK-STAT3 pathway activity decreased more slowly

during the disease (Figure 3A,B).

JAK-STAT1/2 pathway

JAK-STAT3 pathway

B

Figure 2: JAK-STAT1/2 (A) and JAK-STAT3 (B) pathway activity analysis of dataset GSE69606 (34) including
patients with acute RSV infections, divided into mild, moderate and severe disease. From moderate and
severe diseased patients recovery samples (on average 4 weeks after discharge) were obtained. Peripheral
blood mononuclear cells (PBMCs) were used for analysis. Pathway activity score on Y-axis in log2odds. Two
sided Mann—Whitney—Wilcoxon statistical tests were performed; p-values are indicated in the figures. P-
values indicate: *p<0.05; **p<0.01.
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JAK-STAT1/2 pathway

JAK-STAT3 pathway

D

Figure 3: JAK-STAT1/2 and STAT3 pathway activity analysis of dataset GSE43777 (A for STAT1-2 and B for
STAT3) and dataset GSE84331 (C for STAT1-2 and D for STAT3).

3A-B. Dataset GSE43777 (35) including DF (dengue fever) and DHF (dengue hemorrhagic fever) patient
samples during the course of dengue acute illness. Analysis was performed on PBMCs. Each stage
represents a group of patients after x days from fever onset, Stages (days after onset fever): G1: 0 days,
G2: 2 days, G3: 3 days, G4: 4 days, G5: 5 days, G6: 6-10 days, G7: >20 days.

3C-D. Dataset GSE84331 (36) includes CD8+ T cells (HLA-DR+CD38+) from Dengue/DHF patients which
were compared to naive (CCR7+CD45RA+) CD8+ T cells from healthy donors (Control).

Pathway activity score on Y-axis in log2odds. Two sided t-test independent statistical tests were
performed; p-values are indicated in the figures. P-values indicate: *p<0.05; **p<0.01.

JAK-STAT1/2 pathway activity in PBMC samples reflected the strength of induced immunity by a

specific virus type
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Influenza virus is known to generally induce a stronger immunity than RSV. In the analyzed study,
this was associated with higher JAK-STAT1/2 pathway activity, but not JAK-STAT3 pathway

activity, in PBMCs of patients with influenza infection, compared to RSV infected patients (Figure

4).

JAK-STAT1/2 pathway
A

JAK-STAT3 pathway
B

Figure 4: JAK-STAT1/2 (A) and STAT3 (B) pathway activity analysis of dataset GSE34205 (37), including
children (M=male; F=female) of median age of 2.4 months (range 1.5-8.6) hospitalized with acute RSV and
influenza virus infection. Blood samples were collected within 42-72 hours of hospitalization and PBMCs
were isolated for analysis and compared with healthy controls. Pathway activity score on Y-axis in
log2odds. Two sided Mann—Whitney—Wilcoxon statistical tests were performed; p-values are indicated in
the figures. P-values indicate: *p<0.05; **p<0.01; ***p<0.001.
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Lack of increase in JAK-STAT1/2 pathway activity and reduced JAK-STAT3 pathway activity in
dendritic cells in chronic Hepatitis B infection

Hepatitis B virus (HBV) may cause chronic liver infection with hepatitis, ultimately leading to
severe complications such as liver cirrhosis and cancer. Plasmacytoid dendritic cells (pDCs) from
blood of both asymptomatic HBV carriers and chronic HBV hepatitis patients, JAK-STAT1/2
pathway activity was not increased compared to healthy individuals, and JAK-STAT3 pathway

activity scores were even lower than normal (Figure 5A,B).

JAK-STAT1/2 pathway

JAK-STAT3 pathway

B

Figure 5: JAK-STAT1/2 (A) and STAT3 (B) pathway activity analysis of dataset GSE119322 (38) including
HBV patients with normal liver function, untreated chronic hepatitis patients and healthy controls.
Mononuclear cells were isolated and the plasmacytoid DCs (pDCs) were used for analysis. Pathway activity
score on Y-axis in log2odds.
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Measuring the effectiveness of vaccination in humans

Three clinical vaccination studies with yellow fever and influenza virus were analyzed. For yellow
fever vaccination, healthy individuals were immunized with a live attenuated strain of the yellow
fever virus (YFV-17D). In PBMCs (Figure 6A), as well as in CD4+ T cells and two monocyte subsets
(Figure 6C, isolated before and after vaccination with the live Yellow Fever vaccine, JAK-STAT1/2
pathway activity scores increased after vaccination, compatible with induction of immunity
(Figure 6A,C). JAK-STAT3 pathway activity scores were only increased in monocytes (Figure 6D).
In contrast to Yellow Fever vaccination, vaccination with Trivalent inactivated nfluenza Vaccine
(TIV) did not induce an increase in JAK-STAT1/2 or JAK-STAT3 pathway activity scores in PBMCs

within the same time frame (one week) after vaccination, suggesting that this vaccination had

not induced full immunity (Figure 6E,F).

JAK-STAT1/2 pathway
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JAK-STAT1/2 pathway

JAK-STAT3 pathway

F

Figure 6: JAK-STAT pathway activity induced by vaccination in healthy individuals with Yellow Fever
vaccine (YFV-17, live attenuated yellow fever virus strain without adjuvant) (A-D) or influenza vaccine (TIV,
Trivalent Influenza Vaccine without adjuvant)(E,F).

A,B: JAK-STAT1/2 (A) and JAK-STAT3 (B) pathway activity analysis of dataset GSE13486 (39). Yellow Fever
vaccinated (YF-17D) healthy individuals at days 0, 1, 3, 7 and 21 after vaccination. PBMCs were isolated
from blood and were used for analysis.

C,D: JAK-STAT1/2 (C) and JAK-STAT3 (D) pathway activity analysis of dataset GSE51997 (21). Yellow fever
vaccinated female volunteers. Peripheral blood was taken 7 days after immunization, and CD4 positive T-
cells, CD16 negative and positive monocytes were isolated and used for analysis.

E,F: JAK-STAT1/2 (E) and JAK-STAT3 (F) pathway activity analysis of dataset GSE29614 (40). Young adults
vaccinated with Influenza TIV (Trivalent Inactivated Influenza Vaccine, GSK) vaccine during 2007/08 Flu
Season. PBMC samples were isolated at days 0, 3, 7 post-vaccination.

Pathway activity score on Y-axis in log2odds. Two sided t-test independent statistical tests were
performed; p-values are indicated in the figures. P-values indicate: *p<0.05; **p<0.01; ***p<0.001;
***%p<0.0001.
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Measuring viral immunogenicity in DCs in vitro

Dendritic cells are the most powerful antigen presenting cells, bridging the innate immune
response to the adaptive immune response. Both maturation and activation of DCs is required to
enable processing and presentation of the viral antigen within the HLA complex for efficient T cell
activation, requiring activation of the NFkB and JAK-STAT1/2 signal transduction pathways
(41),(42). In the here analyzed study, dendritic cells had been infected in vitro with two HIV viral
vectors separately or in combination. Only the combined infection with the two vectors was
reported to be competent in fully activating the DCs, but neither of them alone. Pathway analysis
showed that only in case both virions were present pathway activity scores of NFkB and JAK-

STAT1/2 signaling pathways increased (Figure 7A,B).

JAK-STAT1/2 pathway

NKFB pathway

B

Figure 7: JAK-STAT1/2 (A) and NFkB (B) pathway activity analysis of dataset GSE22589 (n=2). Monocyte-
derived dendritic cells (MDDCs) infected with an envelope-defective GFP-encoding VSV-G-pseudotyped
HIV-1 vector (HIVGFP(G)) and with VSV-G pseudotyped virus-like particles derived from SIVmac to deliver
Vpx (SIVVLP(G)), alone or in combination. Cells were infected with one or combination of the vectors at day
4 of differentiation and were harvested 48 hours later. Pathway activity score on Y-axis in log2odds.
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Measuring cellular host immune response on whole blood samples of patients with a viral
infection

In clinical practice it is expected to be of value to have a rapid and cost-effective test to diagnose
a viral infection and measure viral infection- or vaccine-induced host immune response. A whole
blood sample is easiest and least expensive to analyze in a routine clinical setting, but contains a
mixture of cell types. Analysis of a clinical study in which whole blood samples (collected in
PAXgene tubes) were obtained from patients with acute influenza or rotavirus infection showed
that the virus-induced increase in JAK-STAT1/2 pathway activity could also be detected in this
sample type. Influenza virus infection induced stronger immunity and this was associated with

higher JAK-STAT1/2 pathway activity compared to rotavirus-infected patients (Figure 8).

Influenza Rotavirus

A
A
JAK-STAT1/2 pathway
A
Influenza Rotavirus
JAK-STAT3 pathway
B
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Figure 8: JAK-STAT1/2 (A) and JAK-STAT3 (B) pathway activity analysis of dataset GSE50628 (43). Influenza
A(HIN1)pdmOQ9 or rotavirus (gastroenteritis) infected patients. Whole blood samples were collected from
patients on the day of admission in the acute phase (influenza, 1-3 days from disease onset; rotavirus, 2—4
days from disease onset and on the day of discharge) and recovery phase (Influenza, 4-9 days from
disease onset; Rota, 7-11 days from disease onset), and were used for analysis. Pathway activity score on
Y-axis in log2odds. Two sided t-test independent statistical tests were performed; p-values are indicated in

the figures. P-values indicate: *p<0.05; ****p<0.0001.

Defining an upper threshold for JAK-STAT pathway activity in PBMC samples from healthy

individuals

To enable clinical use of the JAK-STAT1/2 and JAK-STAT3 pathway tests to measure host immune
response in virally infected patients for which no reference sample in healthy state is available, it
would be of value to have a threshold value above which JAK-STAT pathway activity can be
considered as increased. Two of the here analyzed datasets contained PBMC samples from
healthy individuals (GSE34205 and GSE13486). Mean JAK-STAT1/2 pathway activity scores were
comparable in the two independent datasets, consisting respectively of male (mean pathway
activity score -5.84 log2odds, standard deviation SD 2.74) and female (mean -5.35 log2odds, SD
3.13) children and of adult (mean -6.50 log2odds, SD 2.56) individuals (Supplementary Table S3).
Combining these groups, the mean JAK-STAT1/2 pathway activity score was -5.95 log2odds (SD
2.77) (Supplementary Table S3). Based on this, we propose to define an initial upper threshold for
JAK-STAT1/2 pathway activity score in healthy individuals as the mean value + 2SD, resulting in a
threshold of -0.41 log2odds for the pathway activity score, when measured on a PBMC sample.
The upper threshold for JAK-STAT3 pathway activity score, calculated in the same way, was -4.42

log2odds, when measured in a PBMC sample.

Discussion

We describe development of mRNA-based tests to quantify activity of the JAK-STAT1/2 and JAK-
STAT3 signal transduction pathways in immune cells, and based on analysis of multiple clinical
studies (influenza, RSV, yellow fever, dengue, rotavirus infections) provide evidence for value of

the tests to quantify the host cellular immune response to a viral infection or vaccine.
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Value of measuring JAK-STAT pathway activity in viral infections

Measured JAK-STAT1/2 pathway activity scores in patient blood samples provided information on
the adaptive immunity generated by viral infections, where a higher pathway activity was
associated with development of a stronger adaptive immune response. This JAK-STAT pathway is
known to perform key functions in generating an antiviral immune response (22),(44),(45).

In most of the analyzed studies, PBMC samples had been collected that consist predominantly of
lymphocytes and monocytes. Analysis of a Dengue infection and a Yellow Fever vaccination
study, in which data were available from isolated T cells and monocytes, suggested that both
lymphocytes and monocytes contributed to the increase in pathway activity seen in PBMCs - in
line with the role of the JAK-STAT1/2 pathway in the immune response against viral infection.
The increase in JAK-STAT1/2 pathway activity in PBMCs was only observed in viral infections, and
not in bacterial infections. Interferons are well known to be specifically induced by a viral
infection and to activate the JAK-STAT1/2 pathway to elicit an antiviral immune response
(22),(44),(45). In line with this, the pathway test may have potential value in distinguishing

between viral and bacterial infections.

Some viruses can induce a stronger and longer lasting adaptive immunity than others, and
measured JAK-STAT1/2 pathway activity scores nicely reflected such differences. Influenza virus
infection appeared to be associated with a higher JAK-STAT1/2 pathway activity in PBMCs than
infection with RSV. Indeed, in general in the population the immune response generated by the
RSV virus is lower and less persistent than immunity induced by the influenza virus (37). In
Dengue infection, JAK-STAT1/2 pathway activity in PBMCs already started to decline within a few
days after clinical presentation. This may have reflected the immunosuppressive effect of the
Dengue virus, which has been reported to impair interferon-mediation induction of STAT1/2
activity (36),(46),(47). Finally, in the one study in which dendritic cells of patients with chronic
persistent HBV infection were analyzed, JAK-STAT1/2 pathway activity was not increased at all.
This was in line with described reduced functionality of DCs in chronic HBV infection, resulting in

lack of adaptive immunity and chronic persistence of the HBV virus (38).

The immune response to infection with the same virus type is known to vary among patients
(48). Overall we observed a large variation in JAK-STAT1/2 pathway activity between individual
patients with a specific acute viral infection. While we cannot exclude that this may in part have

been due to blood sampling at different time points during the disease, a more likely explanation
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is that it reflects differences in the individual patient capability to mount an adaptive immune
response and generate immunity against the virus. Many factors influence this capability, like
genetic variations, age, comorbidities like diabetes, and immune modifying drugs like
corticosteroids (48),(49),(50).

Taken together, results suggest that measuring JAK-STAT1/2 pathway activity in PBMCs, or T cell
subsets, and even in whole blood samples, during active viral infection may provide relevant
information on the strength of the host immune response to induce adaptive immunity against

the virus.

Changes in activity of the JAK-STAT3 pathway during viral infection frequently paralleled JAK-
STAT1/2 pathway activity when measured on the same PBMC samples. However in contrast to
the JAK-STAT1/2 pathway, JAK-STAT3 pathway activity increased more in monocytes than in T-
cells. This suggests that activity of this signaling pathway is more associated with activity of the
innate immune response, represented by the monocyte fraction in PBMC samples. Indeed, the
JAK-STAT3 pathway is also involved in viral disease, and in addition to a role in generating a host
immune response, its activity has been associated with severe inflammatory complications
caused by a disbalance between adaptive and innate immune response, such as COVID-19
pneumonia (51),(52),(53),(54).

In two studies in which samples had been obtained from RSV and Dengue patients characterized
by differences in disease severity, JAK-STAT3 pathway activity scores were higher in patients with
a more severe disease course, although for Dengue only three such patient samples could be
analyzed. Such high JAK-STAT3 pathway activity may have been induced by circulating cytokines
such as IL6, IL10 or TNFa. These cytokines have been reported to be elevated in respiratory viral
infections associated with severe infection of the lower airways and pneumonia, such as caused
by RSV and more recently also SARS-CoV-2 (COVID-19), reflecting dominant activity of the innate

immune response (55),(56),(57).

We believe that measuring JAK-STAT3 pathway activity in addition to JAK-STAT1/2 pathway
activity may provide complementary information, that is, on the extent to which the innate
immune response is activated, and potentially on the balance between adaptive and innate

(inflammatory) response.
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Absolute measured JAK-STAT pathway activity scores in healthy individuals were very comparable
between different studies when obtained on the same type of blood sample. This allowed the
calculation of an initial threshold value for PBMC samples above which a JAK-STAT1/2 or JAK-
STAT3 pathway activity score may be considered as higher than normal, as found in healthy
individuals. In view of the limited number of analyzed samples, these initial threshold levels need
further confirmation. However, the high reproducibility between the different clinical studies
suggests that defining a normal (“healthy”) range of JAK-STAT pathway activity in blood samples
will be feasible. This will be of clinical relevance when assessing the immune response in virally

infected patients, from whom usually no healthy reference blood sample will be available.

Use of JAK-STAT pathway activity in vaccine development

Analysis of clinical vaccination studies provided support for the potential of using the JAK-STAT1/2
pathway activity score to predict vaccine immunogenicity and the induction of a cellular adaptive
immune response. Yellow Fever (YF) vaccination induced a large increase in JAK-STAT1/2 pathway
activity in PBMCs, both in T cells and monocytes, in all vaccinated individuals, within 3 days after
vaccination. YF vaccine consists of an attenuated live virus, which infects dendritic cells, resulting
in highly effective T cell activation, and excellent immunity (39). In contrast, after vaccination with
a Trivalent Influenza Vaccine (TIV), no such increase in pathway activity was found, while during
actual influenza virus infection JAK-STAT1/2 pathway activity did increase. This suggests that the
vaccine had not induced adaptive cellular immunity, despite a satisfactory humoral antibody
response in 22 out of 28 individuals (40). In contrast to the live virus YF vaccine, TIV contains
inactivated virus. The inactivated virus vaccine may have lost the capability of the wild type virus
to induce complete maturation and activation of dendritic cells, necessary to optimally activate T
cells. Influenza vaccination not always induces satisfactory immunity and addition of an adjuvant
compound to TIV was reported to increase immunogenicity (58),(59),(60). More recently, for this
reason adjuvant-containing influenza vaccines have been introduced to increase influenza

immunity in the aging population (61).

In addition to use for quantifying clinical effectiveness of a vaccine, the JAK-STAT1/2 pathway test
may also be of value for in vitro vaccine development, as shown by our analysis of the study in
which the immunogenicity of HIV had been investigated (62). HIV is not immunogenic by itself
because the virus cannot infect DCs, however when infection was enabled in vitro, the DC

activation process necessary to generate an immune response appeared to be fully functional
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(62). Only in the latter case, JAK-STAT1/2 pathway activity scores increased in DCs, together with
increased activity of the NFkB pathway, together representing the main signaling pathways that

need to be activated for effective DC antigen presentation (42).

The value of pathway activity measurement in immune cells is expected to be complementary to
conventional 1gG/IgM antibody testing (59). Because of the quantitative nature of the pathway
tests, we expect that cellular effects of multiple vaccines can be rapidly quantitatively compared

in vitro and a T cell immune response measured within 3-7 days after vaccination.

Summary and conclusions

To the best of our knowledge, sofar it has not been possible to measure the cellular adaptive
immune response in a blood sample from a patient. To further complete our signal transduction
pathway testing platform, we have now developed tests to quantitatively measure functional
activity of the JAK-STAT1/2 and JAK-STAT3 signal transduction pathways in different immune cell
types, based on the principle of measuring and interpreting target gene mRNA levels of the
signaling pathway transcription factor (6),(7),(8). We provide evidence that measurement of
activity of the JAK-STAT1/2 signaling pathway in whole blood, PBMCs, or T-cell subsets, from
patients with an infectious disease allows distinction between viral and bacterial infection and is
informative on the strength of the adaptive cellular immune response against a viral infection. In
addition, activity of the JAK-STAT3 pathway may be informative on the inflammatory component
of the innate immune response and predictive of a more severe course of a viral infection, for
example leading to a cytokine storm syndrome. Additional use of measuring JAK-STAT pathway
activity in patient blood samples is expected to lie in prediction of response to specific
immunomodulatory treatments, and monitoring effects of such treatments. Simultaneous
measurement of activity of other signaling pathways, such as the NFkB, MAPK, PI3K, TGFB and
Notch pathways is possible on the same sample, and especially when performed on specific
immune cell types, may allow more detailed information on the functionality of the immune
response (63),(64),(65),(66) (unpublished results, manuscript in preparation). In addition
signaling pathway analysis is expected to be useful to quantify immunogenicity and effectiveness
of vaccines, especially with respect to the capacity to generate a T cell mediated adaptive
immune response.

For clinical use in patients with a viral infection, it will be important to have the pathway activity

test results in time to take clinical decisions. In the current study JAK-STAT pathway analysis was
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performed on Affymetrix expression microarray data. While of value for certain clinical studies,
Affymetrix-based tests are not compatible with routine clinical use. For this reason, development
of gPCR-based JAK-STAT pathway tests is in progress to reduce assay time (in principle within
three hours) for routine clinical use, in a similar manner as described before for the ER signaling

pathway test (11),(67).

Relevance for the COVID-19 crisis

Rapid assessment of the cellular host immune response in a COVID-19 patient is needed to (a)
improve prediction of prognosis and identification of patients at high risk for progression to
COVID-19 pneumonia and ARDS, and prediction of clinical benefit of invasive ventilation at the
ICU; (b) choose the optimal treatment, including immunomodulatory drugs; (c) assess effect of
exploratory treatments on adaptive and innate (inflammatory) immune response; (d) develop
better models to predict evolution of the pandemic; (e) accelerate vaccine development and
clinical vaccine testing; (f) development of novel drugs to strengthen the adaptive immune
response, while inhibiting the late inflammatory response associated with severe pneumonia and
ARDS. We hope that the tests to quantitatively measure JAK-STAT1/2 and JAK-STAT3 signaling
pathway activity in immune cells and blood samples can contribute to solutions for the COVID-19
crisis. Studies on measuring host immune response on blood samples from patients with COVID-

19 infection are being initiated.

Acknowledgement

We acknowledge Meng Dou and Henk van Ooijen for their valuable contributions to
development of the JAK-STAT1/2 and JAK- STAT3 pathway models; and Diederick Keizer, Martijn
Akse, and Sigi Neerken, for thoroughly reviewing the manuscript and providing valuable
suggestions for improvement. We also wish to acknowledge all investigators who generated the

used invaluable GEO datasets.

References

1.  The Beautiful Cure by Daniel M Davis [Internet]. [cited 2020 Apr 26]. Available from:
https://www.penguin.com.au/books/the-beautiful-cure-9781784702212

2. https://rega.kuleuven.be/if/corona covid-19.

3. ZhouF,YuT,DuR, Fan G, Liu Y, Liu Z, et al. Clinical course and risk factors for mortality
of adult inpatients with COVID-19 in Wuhan, China: a retrospective cohort study. Lancet.
2020 28;395(10229):1054—62.

Pagez 3



10.

11.

12.

13.

14.

15.

16.

17.

Wu C, Chen X, Cai Y, Xia J, Zhou X, Xu S, et al. Risk Factors Associated With Acute
Respiratory Distress Syndrome and Death in Patients With Coronavirus Disease 2019
Pneumonia in Wuhan, China. JAMA Intern Med. 2020 Mar 13;

Tay MZ, Poh CM, Rénia L, MacAry PA, Ng LFP. The trinity of COVID-19: immunity,
inflammation and intervention. Nat Rev Immunol. 2020 Apr 28;

Verhaegh W, van Ooijen H, Inda MA, Hatzis P, Versteeg R, Smid M, et al. Selection of
personalized patient therapy through the use of knowledge-based computational models that

identify tumor-driving signal transduction pathways. Cancer Res. 2014 Jun 1;74(11):2936—
45.

van Ooijen H, Hornsveld M, Dam-de Veen C, Velter R, Dou M, Verhaegh W, et al.
Assessment of Functional Phosphatidylinositol 3-Kinase Pathway Activity in Cancer Tissue
Using Forkhead Box-O Target Gene Expression in a Knowledge-Based Computational
Model. Am J Pathol. 2018 Sep;188(9):1956-72.

Stolpe A van de, Holtzer L, van Ooijen H, de Inda MA, Verhaegh W. Enabling precision
medicine by unravelling disease pathophysiology: quantifying signal transduction pathway
activity across cell and tissue types. Sci Rep. 2019 Feb 7;9(1):1603.

Verhaegh W, Van de Stolpe A. Knowledge-based computational models. Oncotarget. 2014
Jul 30;5(14):5196-7.

van de Stolpe A. Quantitative Measurement of Functional Activity of the PI3K Signaling
Pathway in Cancer. Cancers. 2019 Mar;11(3):293.

Inda MA, Blok EJ, Kuppen PJK, Charehbili A, den Biezen-Timmermans EC, van Brussel A,
et al. Estrogen Receptor Pathway Activity Score to Predict Clinical Response or Resistance

to Neoadjuvant Endocrine Therapy in Primary Breast Cancer. Mol Cancer Ther. 2020
Feb;19(2):680-9.

van Boxtel W, Verhaegh GW, van Engen-van Grunsven IA, van Strijp D, Kroeze LI,
Ligtenberg MJ, et al. Prediction of clinical benefit from androgen deprivation therapy in
salivary duct carcinoma patients. Int J Cancer. 2020 Jun 1;146(11):3196-206.

Sieuwerts AM, Inda MA, Smid M, van Ooijen H, van de Stolpe A, Martens JWM, et al. ER
and PI3K Pathway Activity in Primary ER Positive Breast Cancer Is Associated with

Progression-Free Survival of Metastatic Patients under First-Line Tamoxifen. Cancers
(Basel). 2020 Mar 27;12(4).

GEO database: https://www.ncbi.nlm.nih.gov/gds/.

Wilson CL, Miller CJ. Simpleaffy: a BioConductor package for Affymetrix Quality Control
and data analysis. Bioinformatics. 2005 Sep 15;21(18):3683-5.

Heber S, Sick B. Quality assessment of Affymetrix GeneChip data. OMICS.
2006;10(3):358-68.

Parman C, Halling C, Gentleman R. Parman C, Halling C, Gentleman R. AffyQCReport: QC
report generation for affyBatch objects. R package version 1.58.0. 2018.

Pagez 4



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Gautier L, Cope L, Bolstad BM, Irizarry RA. affy--analysis of Affymetrix GeneChip data at
the probe level. Bioinformatics. 2004 Feb 12;20(3):307-15.

https://seaborn.pydata.org/generated/seaborn.boxplot.html.
https://github.com/webermarcolivier/statannot.

Kyogoku C, Smiljanovic B, Griin JR, Biesen R, Schulte-Wrede U, Haupl T, et al. Cell-
specific type I IFN signatures in autoimmunity and viral infection: what makes the
difference? PLoS ONE. 2013;8(12):e83776.

Platanias LC. Mechanisms of type-I- and type-II-interferon-mediated signalling. Nat Rev
Immunol. 2005 May;5(5):375-86.

Stegmann KA, Bjorkstrdom NK, Veber H, Ciesek S, Riese P, Wiegand J, et al. Interferon-
alpha-induced TRAIL on natural killer cells is associated with control of hepatitis C virus
infection. Gastroenterology. 2010 May;138(5):1885-97.

Hartmann BM, Marjanovic N, Nudelman G, Moran TM, Sealfon SC. Combinatorial cytokine
code generates anti-viral state in dendritic cells. Front Immunol. 2014;5:73.

Leu J-S, Chen M-L, Chang S-Y, Yu S-L, Lin C-W, Wang H, et al. SP110b Controls Host
Immunity and Susceptibility to Tuberculosis. Am J Respir Crit Care Med. 2017 Feb
1;195(3):369-82.

Soukup K, Halfmann A, Le Bras M, Sahin E, Vittori S, Poyer F, et al. The MAPK-Activated
Kinase MK2 Attenuates Dendritic Cell-Mediated Th1 Differentiation and Autoimmune
Encephalomyelitis. J Immunol. 2015 Jul 15;195(2):541-52.

Hu X, Chung AY, Wu I, Foldi J, Chen J, Ji JD, et al. Integrated regulation of Toll-like
receptor responses by Notch and interferon-gamma pathways. Immunity. 2008 Nov
14;29(5):691-703.

Villarino AV, Kanno Y, O’Shea JJ. Mechanisms and consequences of Jak-STAT signaling in
the immune system. Nat Immunol. 2017 22;18(4):374-84.

Yu H, Lee H, Herrmann A, Buettner R, Jove R. Revisiting STAT3 signalling in cancer: new
and unexpected biological functions. Nat Rev Cancer. 2014 Nov;14(11):736-46.

Marzec M, Halasa K, Kasprzycka M, Wysocka M, Liu X, Tobias JW, et al. Differential
effects of interleukin-2 and interleukin-15 versus interleukin-21 on CD4+ cutaneous T-cell
lymphoma cells. Cancer Res. 2008 Feb 15;68(4):1083-91.

Teles RMB, Graeber TG, Krutzik SR, Montoya D, Schenk M, Lee DJ, et al. Type I interferon
suppresses type Il interferon-triggered human anti-mycobacterial responses. Science. 2013
Mar 22;339(6126):1448-53.

Holland SM, DeLeo FR, Elloumi HZ, Hsu AP, Uzel G, Brodsky N, et al. STAT3 mutations
in the hyper-IgE syndrome. N Engl J Med. 2007 Oct 18;357(16):1608-19.

Ducreux J, Durez P, Galant C, Nzeusseu Toukap A, Van den Eynde B, Houssiau FA, et al.
Global molecular effects of tocilizumab therapy in rheumatoid arthritis synovium. Arthritis &
Rheumatology (Hoboken, NJ). 2014 Jan;66(1):15-23.

Pagez 5



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Brand HK, Ahout IML, de Ridder D, van Diepen A, Li Y, Zaalberg M, et al. Olfactomedin 4
Serves as a Marker for Disease Severity in Pediatric Respiratory Syncytial Virus (RSV)
Infection. PLoS ONE. 2015;10(7):e0131927.

Sun P, Garcia J, Comach G, Vahey MT, Wang Z, Forshey BM, et al. Sequential waves of
gene expression in patients with clinically defined dengue illnesses reveal subtle disease
phases and predict disease severity. PLoS Negl Trop Dis. 2013;7(7):¢2298.

Chandele A, Sewatanon J, Gunisetty S, Singla M, Onlamoon N, Akondy RS, et al.
Characterization of Human CD8 T Cell Responses in Dengue Virus-Infected Patients from
India. J Virol. 2016 Nov 28;90(24):11259-78.

Ioannidis I, McNally B, Willette M, Peeples ME, Chaussabel D, Durbin JE, et al. Plasticity
and virus specificity of the airway epithelial cell immune response during respiratory virus
infection. J Virol. 2012 May;86(10):5422-36.

Yonejima A, Mizukoshi E, Tamai T, Nakagawa H, Kitahara M, Yamashita T, et al.
Characteristics of Impaired Dendritic Cell Function in Patients With Hepatitis B Virus
Infection. Hepatology. 2019 Jul;70(1):25-39.

Querec TD, Akondy RS, Lee EK, Cao W, Nakaya HI, Teuwen D, et al. Systems biology
approach predicts immunogenicity of the yellow fever vaccine in humans. Nat Immunol.
2009 Jan;10(1):116-25.

Nakaya HI, Wrammert J, Lee EK, Racioppi L, Marie-Kunze S, Haining WN, et al. Systems
biology of vaccination for seasonal influenza in humans. Nat Immunol. 2011 Jul
10;12(8):786-95.

Kawasaki T, Kawai T. Toll-Like Receptor Signaling Pathways. Front Immunol [Internet].
2014 Sep 25 [cited 2020 Apr 26];5. Available from:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4174766/

Barber GN. STING: infection, inflammation and cancer. Nat Rev Immunol. 2015
Dec;15(12):760-70.

Tsuge M, Oka T, Yamashita N, Saito Y, Fujii Y, Nagaoka Y, et al. Gene expression analysis
in children with complex seizures due to influenza A(H1N1)pdmO09 or rotavirus
gastroenteritis. J Neurovirol. 2014 Feb;20(1):73-84.

Mesev EV, LeDesma RA, Ploss A. Decoding type I and III interferon signalling during viral
infection. Nature Microbiology. 2019 Jun;4(6):914-24.

Kang S, Brown HM, Hwang S. Direct Antiviral Mechanisms of Interferon-Gamma. Immune
Netw [Internet]. 2018 Oct 17 [cited 2020 Apr 22];18(5). Available from:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6215902/

Morrison J, Aguirre S, Fernandez-Sesma A. Innate immunity evasion by Dengue virus.
Viruses. 2012;4(3):397-413.

Green AM, Beatty PR, Hadjilaou A, Harris E. Innate immunity to dengue virus infection and
subversion of antiviral responses. J Mol Biol. 2014 Mar 20;426(6):1148-60.

Pagez 6



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Brodin P, Davis MM. Human immune system variation. Nat Rev Immunol. 2017
Jan;17(1):21-9.

Zimmermann P, Curtis N. Factors That Influence the Immune Response to Vaccination. Clin
Microbiol Rev. 2019 20;32(2).

Mangino M, Roederer M, Beddall MH, Nestle FO, Spector TD. Innate and adaptive immune
traits are differentially affected by genetic and environmental factors. Nature
Communications. 2017 Jan 5;8(1):1-7.

Roca Suarez AA, Van Renne N, Baumert TF, Lupberger J. Viral manipulation of STAT3:
Evade, exploit, and injure. PLoS Pathog. 2018;14(3):e1006839.

Miihl H. Pro-Inflammatory Signaling by IL-10 and IL-22: Bad Habit Stirred Up by
Interferons? Front Immunol [Internet]. 2013 [cited 2020 Apr 22];4. Available from:
https://www.frontiersin.org/articles/10.3389/fimmu.2013.00018/full

Chang Z, Wang Y, Zhou X, Long J-E. STATS3 roles in viral infection: antiviral or proviral?
Future Virology. 2018 Jul 2;13(8):557-74.

Velazquez-Salinas L, Verdugo-Rodriguez A, Rodriguez LL, Borca MV. The Role of
Interleukin 6 During Viral Infections. Front Microbiol [Internet]. 2019 May 10 [cited 2020
Apr 22];10. Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6524401/

Mehta P, McAuley DF, Brown M, Sanchez E, Tattersall RS, Manson JJ. COVID-19:
consider cytokine storm syndromes and immunosuppression. The Lancet. 2020 Mar
28;395(10229):1033-4.

Ye Q, Wang B, Mao J. The pathogenesis and treatment of the *Cytokine Storm’ in COVID-
19. J Infect. 2020 Apr 10;

Pedersen SF, Ho Y-C. SARS-CoV-2: a storm is raging. J Clin Invest. 2020 Apr 13;

Tregoning JS, Russell RF, Kinnear E. Adjuvanted influenza vaccines. Hum Vaccin
Immunother. 2018 Jan 25;14(3):550-64.

Wei C-J, Crank MC, Shiver J, Graham BS, Mascola JR, Nabel GJ. Next-generation influenza
vaccines: opportunities and challenges. Nat Rev Drug Discov. 2020;19(4):239-52.

Cooper CL, Davis HL, Morris ML, Efler SM, Krieg AM, Li Y, et al. Safety and
immunogenicity of CPG 7909 injection as an adjuvant to Fluarix influenza vaccine. Vaccine.
2004 Aug 13;22(23-24):3136-43.

FLUAD™ Flu Vaccine With Adjuvant| Seasonal Influenza (Flu) | CDC [Internet]. 2017
[cited 2020 Apr 28]. Available from:
https://web.archive.org/web/20170821043534/https://www.cdc.gov/flu/protect/vaccine/adjuv
ant.htm

Manel N, Hogstad B, Wang Y, Levy DE, Unutmaz D, Littman DR. A cryptic sensor for
HIV-1 activates antiviral innate immunity in dendritic cells. Nature. 2010 Sep
9;467(7312):214-17.

Pagez 7



63.

64.

65.

66.

67.

Hildebrand D, Uhle F, Sahin D, Krauser U, Weigand MA, Heeg K. The Interplay of Notch
Signaling and STAT3 in TLR-Activated Human Primary Monocytes. Front Cell Infect
Microbiol [Internet]. 2018 Jul 10 [cited 2020 Apr 14];8. Available from:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6048282/

Horng T, Oberdoerffer S, Rao A. Gene regulation and signal transduction in the immune
system. Genome Biol. 2008;9(7):315.

Sanjabi S, Oh SA, Li MO. Regulation of the Immune Response by TGF-3: From Conception
to Autoimmunity and Infection. Cold Spring Harb Perspect Biol [Internet]. 2017 Jun [cited
2020 May 4];9(6). Available from:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5453394/

Ranadheera C, Coombs KM, Kobasa D. Comprehending a Killer: The Akt/mTOR Signaling
Pathways Are Temporally High-Jacked by the Highly Pathogenic 1918 Influenza Virus.
EBioMedicine. 2018 Jun 2;32:142-63.

Philips Molecular Pathway Dx, Eindhoven, The Netherlands. www.philips.com/oncosignal.

Pagez 8



@ Nmmmm



