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paralysis restore immunocompetence
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In brief

Ashayeripanah et al. show that severe

inflammation triggered by blood

infections such as malaria induces

formation of functionally impaired

(paralyzed) dendritic cells for weeks after

resolution of infection. Paralysis causes

immune suppression. Transcriptomic,

phenotypic, and functional

characterization of paralysis leads to

designing treatments that restore

dendritic cell function and

immunocompetence.
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SUMMARY
Blood-borne pathogens can cause systemic inflammatory response syndrome (SIRS) followed by pro-
tracted, potentially lethal immunosuppression. The mechanisms responsible for impaired immunity post-
SIRS remain unclear. We show that SIRS triggered by pathogen mimics or malaria infection leads to func-
tional paralysis of conventional dendritic cells (cDCs). Paralysis affects several generations of cDCs and
impairs immunity for 3–4 weeks. Paralyzed cDCs display distinct transcriptomic and phenotypic signatures
and show impaired capacity to capture and present antigens in vivo. They also display altered cytokine pro-
duction patterns upon stimulation. The paralysis program is not initiated in the bone marrow but during final
cDC differentiation in peripheral tissues under the influence of local secondary signals that persist after res-
olution of SIRS. Vaccination with monoclonal antibodies that target cDC receptors or blockade of transform-
ing growth factor b partially overcomes paralysis and immunosuppression. This work provides insights into
the mechanisms of paralysis and describes strategies to restore immunocompetence post-SIRS.
INTRODUCTION

Systemic inflammatory response syndrome (SIRS) is triggered

by severe infections (e.g., pneumonia, malaria) or tissue injury

(e.g., trauma, major surgery).1–3 It is characterized by excessive

release of inflammatory cytokines that activate innate and adap-

tive immunity.4 Paradoxically, SIRS is followed by immunosup-

pression that can last for weeks, long after clearance of the infec-

tion or recovery from injury.5–7 Patients recovering from SIRS in

intensive care units (ICUs) contract opportunistic infections.8–11

Care of these patients and prevention of infections post-SIRS

exert a high-cost burden on the health system.12 Impaired immu-

nity post-SIRS may also contribute to poor vaccination out-
This is an open access article under the CC BY-N
comes and increased susceptibility to secondary infections in

malaria-endemic regions.13,14 Several factors may contribute

to immunosuppression post-SIRS. Induction of conventional

dendritic cell (cDC) paralysis has been proposed as a major fac-

tor,15 but the underlying mechanisms remain obscure.

cDCs play pivotal roles in innate and adaptive T cell immu-

nity16,17 owing to their ability to (1) detect pathogens; (2) capture

and process exogenous antigen (Ag); (3) (cross-)present Ag via

major histocompatibility complex (MHC) class I and/or class II

molecules; (4) upregulate costimulatory molecules; (5) secrete

cytokines that stimulate natural killer cell and T cell responses;

and (6) activate Ag-specific naive T cells. Two subtypes of

cDCs have been described, cDC1s and cDC2s, with distinct
Cell Reports 43, 113754, February 27, 2024 ª 2024 The Authors. 1
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Figure 1. SIRS induces DC paralysis and protracted immunosuppression in mice

(A) Concentration of the indicated cytokines inmouse sera at the time points shown following induction of SIRSwith intravenous CpG, LPS, or PbA infection-cure.

(B) Expression of activation markers on splenic cDCs 1 and 5 days after CpG injection. Dashed lines: unstained cells.

(C) OT-I and OT-II priming with OCSs in spleen 24 h after CpG injection.

(D) OT-I and OT-II priming with OCSs or sOVA in spleen at the indicated times after CpG injection.

(legend continued on next page)
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capacities to perform these functions.18 cDCs have a short half-

life and continuously renew in peripheral tissues and secondary

lymphoid organs from bone marrow (BM)-derived precur-

sors.16,19 As the precursors differentiate into cDCs, they are

exposed to local cues that affect their acquisition of functional

properties, including Ag presentation.20,21 These cues differ

among anatomical locations and can change over time in

response to previous infections, implying the functions of cDCs

undergo spatiotemporal adaptations (STAs).22 An extreme

form of STA leads to formation of paralyzed cDCs with impaired

functions.15 The functional defects of paralyzed cDCs remain

poorly understood, as are themechanisms that induce paralysis.

Here, we show that SIRS triggered by blood-borne pathogen-

associated compounds or malaria infection initiates synchro-

nous paralysis of cDCs in the spleen. We use this approach to

characterize the transcriptome and the functional defects of

paralyzed cDCs, as well as the site and stage of cDC develop-

ment at which the paralysis STA is induced. We use this informa-

tion to devise strategies to overcome cDC paralysis with Ag-tar-

geting monoclonal antibodies (mAbs) and with inhibitors of

paralysis-inducing signals. We show these treatments accel-

erate the restoration of immunocompetence post-SIRS.

RESULTS

Blood-borne triggers of SIRS induce DC paralysis and
protracted immunosuppression
Intravenous injection of the bacterial mimic CpG into mice in-

duces SIRS,23,24 with increases in pro- and anti-inflammatory

cytokines in serum within 4 h, followed by their gradual decline

(Figure 1A). As shown previously,23,24 SIRS caused systemic

cDC activation (Figure 1B), leading to severe impairment of

CD8+ (OT-I) and CD4+ (OT-II) T cell priming in the spleen in

response to ovalbumin (OVA)-coated splenocytes (OCS) in-

jected 24 h after the induction of SIRS (Figure 1C). This was

due to the intrinsic inability of activated cDCs to present newly

encountered Ags (Figure S1A).23 Activated cDCs also displayed

altered cytokine secretion patterns in response to CpG encoun-

tered post-activation (Figure S1B).

Splenic cDCs have a half-life of less than 3 days.19 Analysis of

BrdU incorporation in vivo showed that the rate of replacement

of BrdU� cDCs with BrdU+ cDCs was equivalent in untreated

and CpG-treated mice (Figure S1C). Indeed, 5 days after SIRS

induction, all the activated splenic cDCs had been replaced

by new resting cDCs (Figure 1B).16,19 Yet, MHC class I or II
(E–I) Measurement of the following parameters in mice, carried out 5 days after in

responses induced by OCS+LPS vaccination; (F) anti-HSV gBT-I priming (left) an

OT-I and OT-II priming with OCSs and sOVA, respectively, in lymph nodes (LNs);

cDC1s decorated with anti-Clec9A-OVAFGD-A647 (left) and presenting IEpep bo

(J) OT-I and OT-II priming with OCSs and sOVA, respectively, 5 days after LPS a

(K) Expression of activation markers on splenic cDCs of mice infected-cured wit

(L) OT-I and OT-II priming with OCSs and sOVA, respectively, at the indicated tim

(M) Concentration of the indicated cytokines in mice sera 4 h after injection of 0–

(N) OT-I and OT-II priming with OCSs in spleen 24 h (top) or 5 days (bottom) afte

PBS refers to injection of vehicle alone (negative control). All results are from at le

experiment). Results in (A) and (M) are from4–11mice per group. Histograms in (B) a

means±SEMwitheachdot corresponding toonemouse. Independent-samples t te

See also Figure S1.
(cross-)presentation of OVA remained impaired at day 5 and

was not fully recovered until day 21 post-CpG treatment (Fig-

ure 1D). Induction of anti-OVA cytotoxic T lymphocyte responses

from the endogenous repertoire was also impaired after SIRS

(Figure 1E), as was cross-priming of CD8 T cells against herpes

simplex virus (Figure 1F). T cell priming was impaired in the

lymph nodes too (Figure 1G). Defective T cell priming was not

due to lack of cDCs in CpG-pretreated mice (Figure S1D). OT-I

priming did occur in CpG-pretreated CD11c-mOVA transgenic

mice (Figure 1H), in which the cDCs constitutively express and

present OVA via the endogenous MHC class I pathway.23 This

indicated that the defect in cross-priming in wild-type (WT)

mice post-SIRS was caused by impaired Ag presentation rather

than suppression of T cell activation in vivo. We tested this hy-

pothesis by measuring Ag presentation with a T cell-indepen-

dent assay. We injected mice with a-Clec9A-IEpep. This protein

construct consists of mAb 10B4, specific for the cDC1 receptor

Clec9A, fused to a peptide that corresponds to the amino acid

sequence 52–68 of mouse I-Eb (IEpep), presented by the MHC

class II molecule I-Ab.25,26 Capture and, more prominently, pre-

sentation of this model Ag by cDC1s was impaired 5 days

post-SIRS induction (Figures 1I and S1E). Plasmacytoid DCs

and cDC2s express little and no Clec9A, respectively,27 so bind-

ing and presentation of the a-Clec9A-IEpep by these cell types

were negligible (Figure S1F).

Intravenous injection of lipopolysaccharide (LPS) also caused

SIRS, albeit with a different profile of serum cytokines from that

elicited by CpG (Figure 1A). Five days after LPS injection (Fig-

ure 1J), T cell priming was impaired even though cDC numbers

were not reduced (Figure S1G). To determine whether paralysis

was also observed following recovery from infection with a live

pathogen, we infected mice with the malaria parasite Plasmo-

dium berghei ANKA strain (PbA) (Figure S1H). Live blood-stage

PbA parasites injected into mice proliferate (Figure S1I), causing

SIRS (Figure 1A) and systemic cDC activation (Figure 1K) 4 days

after infection,23 leading to impaired presentation of malaria28

and other Ags (Figure 1L).23 PbA-infected mice die of cerebral

malaria or anemia if left untreated but can be cured by adminis-

tering chloroquine on days 4–10 post-infection (Figures S1H and

S1I).29 All the activated splenic cDCs of cured mice had been re-

placed with resting cDCs on day 7 post-infection (Figure 1K).

However, Ag presentation was not recovered until day 21 (Fig-

ure 1L). Impaired T cell priming was not due to lack of cDCs (Fig-

ure S1J). Therefore, different blood-borne inducers of SIRS

cause development of paralyzed cDCs for weeks.
travenous injection of PBS or CpG: (E) anti-OVA cytotoxic T lymphocyte (CTL)

d percentage of H2-KbgB tetramer-specific CD8+ T cells in spleens (right); (G)

(H) OT-I priming in spleens of CD11c-mOVA mice; and (I) percentage of splenic

und to I-Ab detected by YAe Ab (right).

dministration.

h PbA. Dashed lines: unstained cells.

es in PbA infected-cured mice.

20 nmol CpG.

r SIRS induction with the indicated doses of CpG.

ast 2 independent experiments except day 21 in the left (OT-I) graph of (L) (one

nd (K) are representative data frommore than 4mice per group. Bar graphs show

st.Blankorns, non-significant; *p%0.05, **p%0.01, ***p%0.001, ***p%0.0001.
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We have proposed that paralysis is not an automatic conse-

quence of systemic DC activation but an extreme form of STA

induced when the inflammatory response reaches a certain

threshold.22 To test this hypothesis, we studied the effect of

decreasing doses of CpG on cDC function during and post-

SIRS (1 and 5 days after CpG injection, respectively). The

severity of SIRS, measured by cytokine concentration in serum,

correlated with the CpG dose used (Figure 1M). Impairment of

T cell priming in vivo during SIRS required R1.25 nmol CpG,

but induction of paralysis post-SIRS required 4 times more

CpG (R5 nmol) (Figure 1N). Thus, the cDCs that replaced those

that were systemically activated with a low dose of CpG devel-

oped normally, but those that replaced the cDCs activated

with a high dose of CpG acquired a paralyzed STA.

Paralyzed cDCs are functional in vitro

Next,weaddressedwhether theparalysis STAwas intrinsically im-

printedon thecDCsormaintainedby the in vivoenvironment.Para-

lyzed cDCs purified from the spleens of mice treated 5 days prior

with CpG and incubated in vitrowith CpG upregulated MHC class

II and CD86 expression like their counterparts from untreated ani-

mals (Figure 2A). They also produced similar or higher levels of cy-

tokines in response to Toll-like receptor (TLR) ligands CpG, LPS,

and polyI:C (Figures 2B and S2A). We used fluorescent OVA-

coated latex beads (OCBs) to compare in vitro the phagocytic ca-

pacity of paralyzed cDC1s and cDC2s to that of their normal coun-

terparts and found it to be equivalent (Figure 2C). We purified cells

that had phagocytosed one bead (i.e., containing equivalent

amounts of OVA) and compared their capacity to prime OT-I and

OT-II cells. No significant difference was observed between the

cDCs of untreated and CpG-pretreated mice (Figure 2C) (note

that cDC2sdonothave theability to cross-present30).Presentation

of soluble OVA (sOVA) (Figure S2B) and OCSs (Figure S2C) was

also comparable. Analysis of paralyzed cDCs fromLPS-pretreated

mice yielded similar results (Figure S2D). We conclude that para-

lyzedcDCs retained thecapacity toperformthedefiningproperties

of cDCs in vitro, so they were not intrinsically paralyzed.

Paralysis of cDCs is maintained in vivo but can be
overcome by targeting Ag to a receptor
Next, we addressed the functional capabilities of paralyzed

cDCs in vivo. They upregulated activation markers in response
Figure 2. Functional capabilities of paralyzed cDCs

(A–C) Mice were injected with CpG, and 5 days later, splenic cDCs were purified

histograms) or following a 6 h incubation with CpG in vitro (shaded) (dashed lines:

or poly(I:C), and (C) phagocytosis of fluorescent OCBs on ice or at 37�C in the a

(D–G) Mice were injected with CpG and the following assessments were perform

ondary CpG or LPS injection; (E) cytokine production in vitro by cDCs purified 2 h

(left) or by intracellular staining (right); (F) capture of intravenously injected sOVA

cytochrome c.

(H–I) As in (F), but splenic cDCs that had captured equivalent amounts of OCS (H

CpG (shaded) were purified and used to prime OT-I or OT-II cells ex vivo.

(J) Mice were injected with PBS or CpG. Five days later, the mice were vaccinate

was measured in the spleen.

(K) OT-I priming in the spleen following vaccination of untreated or PbA infected

All results are from at least 2 independent experiments. Histograms in (A) and (D) a

with each dot corresponding to one mouse. Independent-samples t test. Blank o

See also Figure S2.
to CpG or LPS injection (Figure 2D), but their cytokine production

profiles were altered (Figure 2E). Capture of sOVA by paralyzed

cDC2s was normal but partly reduced in cDC1s (Figure 2F), and

phagocytosis of OCSs and OCBs was clearly impaired in both

cDC subsets (Figures 2F and S2E). Phagocytosis was also

impaired in malaria infected-cured mice (Figure S2F). A potential

explanation might be that the splenic architecture in mice recov-

ered from SIRS was disrupted, preventing latex beads from

reaching cDCs. However, immunohistology analysis did not

show overt differences in fluorescent bead signal or localization

in the spleens of either set of animals (Figure S2G).

Impairment of OT-I and OT-II priming in mice that recovered

from SIRS and were challenged with sOVA (Figure 1D) appeared

more profound than the impairment of OVA uptake by their cDCs

(Figure 2F), suggesting additional Ag presentation defects post-

uptake. Cross-presentation by cDC1s involves the transfer of

endocytosed proteins to the cytosol.31 Due to this activity,

�30% of cDC1s of mice injected with cytochrome c, a protein

that triggers apoptosis upon its release into the cytosol, die (Fig-

ure 2G).32 Only �5% of cDC1s of mice treated with CpG 5 days

earlier were lost upon cytochrome c injection (Figure 2G). This

might be partly due to lower capture of soluble proteins by para-

lyzed cDC1s (Figure 2F) but also suggests paralyzed cDC1s

were defective in protein transfer from endosomes to the

cytosol.

To characterize further cDC paralysis in vivo, we injected fluo-

rescently labeled sOVA, OCSs, or OCBs into untreated and

CpG-pretreated mice. We purified cDCs that had captured

equivalent amounts of the Ag (e.g., one OCB) or no Ag and incu-

bated them ex vivo with OT cells. Paralyzed cDCs were inca-

pable of (cross-)presenting cell- or bead-associated OVA via

MHC class I or II (Figures 2H and 2I). They could cross-present

via MHC class I, and partially present via MHC class II, sOVA

(Figure S2H). From this set of experiments, we conclude that

the tissue environment post-SIRS maintains a paralyzed STA in

cDCs that impairs Ag (cross-)presentation at a stage down-

stream of Ag capture.

An efficient way to induce Ag cross-presentation by cDC1s is

to target Ags to their surface receptors.33 We tested if this

approach could bypass the paralysis STA and restore T cell

priming in mice post-SIRS. CpG-pretreated or PbA infected-

cured mice were injected with a construct consisting of OVA
and assessed for (A) expression of activation markers after purification (open

unstained cells); (B) cytokines secreted in vitro after stimulation with CpG, LPS,

bsence or presence of cytochalasin D.

ed 5 days later: (D) expression of activation markers by cDCs 24 h after sec-

after injection of CpG, determined by measuring concentration in supernatant

, OCSs, or OCBs; and (G) depletion of splenic cDC1s caused by injection of

), one OCB (I), or no Ag in mice that had been injected with PBS (blank bars) or

d with sOVA, anti-DEC205-OVA, or rat IgG2a isotype control, and OT-I priming

-cured mice with OCSs or anti-DEC205-OVA.

re representative data from 4–5mice per group. Bar graphs showmeans ±SEM

r ns, non-significant; *p % 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001.
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conjugated to mAb against DEC-205,34 an endocytic receptor

highly expressed on cDC1s,35 which was similarly expressed

by resting and paralyzed cDC1s (Figure S2I). Targeting OVA to

this receptor enabled efficient OT-I cross-priming in both CpG-

pretreated and PbA infected-cured mice (Figures 2J and 2K).

SIRS induces a distinct transcriptional program in
splenic cDCs
We explored further the hypothesis that the microenvironment

post-SIRS induced cDC paralysis. Transforming growth factor

b (TGF-b) contributes to formation of paralyzed cDCs in the

lung after resolution of severe pneumonia.15 We reasoned that

if it played a similar role in the spleen, it would induce CD103

expression as it does in developing cDC1s in vitro.21 Indeed,

splenic cDCs of CpG-pretreated and PbA infected-cured

mice showed high CD103 expression, particularly in cDC1s

(Figures 3A and 3E). To identify additional hallmarks of cDC pa-

ralysis, we compared the transcriptomes of untreated and para-

lyzed cDC1s and cDC2s. As CD103 is expressed at low levels in

a fraction of untreated cDC1s20 (Figure 3A), we sequenced sepa-

rately the transcriptomes of CD103neg and CD103low cDC1s to

account for the possibility that paralyzed (CD103high) and un-

treated CD103int cDC1swere equivalent. Indeed, these two pop-

ulations expressed similar transcriptomes except for some

genes including Itgae (CD103) itself (TREAT false discovery

rate > 0.1) (Figure 3B; Table S1). In contrast, 263 genes were

differentially expressed in paralyzed cDC1s with fold changes

significantly greater than 1.5 compared to the average of the

CD103neg and CD103low cDC1 populations (Figures 3B and

3C; Table S1). Expression of the markers that define the

cDC1 lineage (xcr1, batf3, clec9a, dec205, btla, and cd24) was

conserved in paralyzed cDC1s (ROAST p = 0.001) (Table S1),

confirming their cDC1 identity. Comparison of the transcrip-

tomes of untreated and paralyzed cDC2s using the same param-

eters of significance revealed 105 differentially expressed genes

(Figures 3B and 3C; Table S1). At the same time, expression of

transcription factors required for cDC2 lineage determination

and identity (irf2, irf4, klf4, notch2, itgam, and sirpa) was not

different (Table S1). Twenty-nine differentially expressed genes

shared by both subsets of paralyzed cDCs defined a common

paralysis signature (Figure 3C).

We validated by flow cytometry the differential expression of 13

membraneproteins and2 transcription factors inparalyzedcDC1s

(Figure 3D), which could be defined as CD103highCD207low

Ly6Ahigh (Figure 3A). These markers were also differentially ex-

pressed in the paralyzed cDC1s of PbA infected-cured mice (Fig-
Figure 3. SIRS induces a distinct transcriptional program in splenic cD

(A) Expression of CD103, Ly6A, and CD207 on splenic cDCs 5 days after CpG tr

(B) Heatmap showing relative expression of the top 50 differentially expressed ge

paralyzed cDC1s of CpG-pretreated mice and (right) between untreated and par

(C) Number of DEGs (TREAT false discovery rate [FDR] % 0.1, fold changes >1.

shared by the two cDC subsets.

(DandE)ExpressionofparalysismarkersbycDC1s5daysafterCpGtreatment (D)ora

(G) Expression of paralysis markers (top) in cDC1s and cDC2s after SIRS inductio

and (bottom) in cDC1s of PbA infected-cured mice at the indicated times.

All results are from at least 2 independent experiments. Each column in (B) corres

each dot corresponding to onemouse. Results in (G) (top) are from 4–8mice per gr

***p % 0.001, ****p % 0.0001.
ure 3E). Untreatedmicedid not contain cDC1swith this phenotype

(Figure 3A), confirming that the CD103low cDCs present in these

mice were not paralyzed. We also confirmed the differential

expression of 8 markers in paralyzed cDC2s (Figure 3F), which

could be defined as CD103intLy6Ahigh (Figure 3A). The kinetics of

accumulation and decline of splenic cDCs with the paralyzed

phenotype (Figure 3G) correlated with the kinetics of impairment

of T cell priming post-SIRS (Figures 1D and 1L). Since the half-

life of the splenic cDC compartment is 1.5–3 days,16,19 but paraly-

sis persisted for 21 days, the paralysis program appeared to affect

several generations of cDCs.

cDCs acquire the paralysis STA during final
differentiation in situ

To gain insights into the location and stage at which cDCs ac-

quired the paralysis STA, we firstly determined if BM precursors

of CpG-treated mice were committed to produce paralyzed

cDCs. In Flt3L-supplemented cultures, BM precursors of CpG-

treated mice produced cDC1s and cDC2s with similar frequency

to their counterparts from untreated mice (Figure S3A). When in-

jected into unpretreated, non-irradiated mice, precursors from

the BM of CpG-treated mice produced normal cDCs, but BM

precursors of untreated mice produced paralyzed cDCs in

mice that had been treated with CpG 5 days earlier (Figures 4A

and S3B). Paralysis was therefore induced at a post-BM precur-

sor stage.

BM precursors of cDCs give rise to pre-cDCs, which seed

spleen, where they undergo final differentiation into cDCs.36

The spleens of mice treated 5 days earlier with CpG contained

increased numbers of CD11cint cells (Figure 4B) that displayed

the phenotype of such precursors (Figure S3C).36 Indeed, after

adoptive transfer to non-irradiated, unpretreated mice, these

precursors produced more splenic cDCs on a per-cell basis

than fully differentiated cDCs did (Figure 4C). The cDCs gener-

ated by CD11cint precursors purified from untreated or CpG-pre-

treated mice acquired a paralyzed phenotype in CpG-pretreated

recipient mice but a normal phenotype in unpretreated recipients

(Figures 4D and S3D). This result indicated, first, that SIRS

induced ‘‘emergency DC-poiesis37’’ that led to increased release

of cDC precursors that seeded the spleen and, second, that

these precursors were not yet committed to acquire a normal

or paralyzed STA, a decision that depended on whether SIRS

had occurred in the spleen, where they underwent final differen-

tiation into cDCs. The number of splenic CD11cint precursors

peaked at day 5 post-CpG injection but decreased over the

next 15 days (Figure 4B), in synchrony with the replacement of
Cs

eatment.

nes (DEGs): (left) among CD103neg and CD103low cDC1s of untreated mice and

alyzed cDC2s.

5) between resting and paralyzed cDC1s and cDC2s. The box lists the DEGs

tday11 inPbA infected-curedmice (E)andbycDC2s5daysafterCpGtreatment (F).

n with CpG (shown in heatmap are gMFI data normalized to untreated as 100)

ponds to an independent cell preparation. Bar graphs showmeans ± SEMwith

oup. Independent-samples t test. Blank, non-significant; *p% 0.05, **p% 0.01,
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Figure 4. cDCs acquire the paralysis STA during final differentiation in spleen

(A) Unpretreated mice were injected with BM cells from CpG-pretreated mice, and CpG-treated mice were injected with BM from untreated mice (Figure S3B).

The proportion of paralyzed cDCs derived from the recipient or donor BMcells 3 days after BM injection (top) and their capacity to phagocytose fluorescent OCBs

in vivo (bottom) are shown.

(B) Number of splenic CD11cint precursors, identified as shown in the representative fluorescence-activated cell sorting (FACS) plots, at the indicated times after

CpG injection.

(C) Number of cDCs generated following transfer of CD11cint precursors, or cDCs, purified from untreated or CpG-pretreatedmice (Figures S3D and S3F). Shown

is the precursor activity on a per-transferred-cell basis.

(D) CD11cint precursors were purified from untreated or CpG-pretreatedmice and transferred tomice previously injected with PBS or CpG (Figure S4D). Shown is

the proportion of paralyzed cDCs among those derived from the transferred precursors.

(E) As in (D) but after transfer of late-stage pre-cDC1s from untreated, Flt3L-producing tumor-bearing donor mice (Figure S4E). Shown is the proportion of

paralyzed cDC1s derived from the recipient’s BM or from the transferred precursors (left) and their phagocytic capacity (right).

(F) As in (D) but following transfer of purified cDCs (Figure S4F).

(G) Seven days after intravenous injection of CpG, mice were intranasally infected with x31-OVA, and OT-I priming was measured.

(H and I) Proportion (H) and phagocytic capacity (I) of paralyzed WT or TLR9�/� cDCs in mixed BM chimeric mice 5 days after CpG injection. In (I), the left graph

shows data for 0.5 mm OCB, and the middle and right graphs show data for 1 mm OCB.

All results are from at least 2 independent experiments except the middle and right graphs in (I) (one experiment each). Bar graphs showmeans ± SEMwith each

dot corresponding to one mouse. Independent-samples t test. Blank or ns, non-significant; *p % 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001.

See also Figure S3.
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paralyzed cDCs with normal cDCs (Figure 3G) and the recovery

of T cell priming in CpG-pretreated mice (Figure 1D).

The final precursor in cDC1 differentiation increases in quan-

tity in mice bearing Flt3L-producing tumors.38 Upon transfer

into unpretreated or CpG-pretreated recipient mice, these pre-

cursors generated cDC1s with a normal or paralyzed phenotype

and phagocytic capacity, respectively (Figures 4E and S3E).

Finally, fully differentiated cDCs from untreated mice acquired

a paralyzed phenotype in CpG-pretreated mice, while paralyzed

cDCs became normal after transfer to unpretreated recipients

(Figures 4F and S3F). Collectively, these results demonstrate

that the paralysis STA is induced late during differentiation in

spleen and is reversible. The lack of functional defects in para-

lyzed cDCs analyzed in vitrowas consistent with this conclusion.

We have previously shown that airway inflammation causes

cDC paralysis in the lungs but not the spleen.15 Conversely,

T cell priming in the lungs against influenza A virus-encoding

OVA peptide (SIINFEKL) administered intranasally was unaf-

fected by intravenous pretreatment with CpG (Figure 4G). As

cDCs are replaced in all organs from BM-derived precursors,

the fact that intravenous CpG induced cDC paralysis in the

spleen but not the lungs is consistent with the notion that this

STA is imprinted in the affected organ during final cDC

differentiation.

It could be argued that paralysis is caused by recognition of

small amounts of pathogen-associated compounds persisting

at sites of infection or inoculation. To address this possibility,

we generated mixed BM chimeric mice where WT recipients

received a 1:1 mix of WT and TLR9-deficient BM.39 TLR9 is an

obligatory receptor for CpG, so if residual CpG caused paralysis,

then TLR9-deficient cDCs should not become paralyzed in CpG-

treated chimeras. However, both WT and TLR9-deficient cDCs

acquired the paralyzed phenotype (Figures 4H and S3G) and

were impaired at phagocytosis (Figure 4I), confirming this is an

STA induced by secondary, endogenous mediators released or

maintained by CpG rather than through TLR9 signaling.

TGF-b blockade reconstitutes immunocompetence
post-SIRS
To reveal potential secondary signals that induced the paralyzed

STA, we performed ingenuity pathway analysis on the transcrip-

tomic data (Figure 3B; Table S1). This identified IL-10R as a po-

tential regulator of cDC1 and cDC2 paralysis (Figure S4A). How-

ever, a pilot experiment blocking IL-10R on days 3–7 or 5–7 after

CpG inoculation did not restore OT-I or OT-II cell priming in vivo,

even though this treatment caused increased levels of IL-10 and

inflammatory cytokines in serum (Figures S4B and S4C). We also

investigated whether the transcription factor peroxisome prolif-

erator activated receptor g (Pparg) mediated cDC paralysis

because it was upregulated in the transcriptome of paralyzed

cDC1s (Table S1) and because Pparg induces a hyporesponsive

STA in lung macrophages.40 However, ablation of Pparg in

CD11c+ cells did not prevent cDC paralysis in CpG-treated

mice (Figure S4D).

We have shown that TGF-b contributes to inducing cDC paral-

ysis in the lung following bacterial pneumonia.15 TGF-b recogni-

tion causes upregulation of CD103, a marker highly expressed in

paralyzed splenic cDC1s, so we tested its role in splenic cDC pa-
ralysis. Mice with ablated TGF-b receptor II (TGF-bRII) in CD11c+

cells develop spontaneous autoimmunity at ages older than

12 weeks.41 To minimize the impact of TGF-bRII deficiency,

we generated mixed BM chimeric mice where irradiated WT re-

cipients were reconstituted with two thirds of BM from WT ani-

mals and the other one third with BM from either TGFbRIIfl/fl

(TGFbRIIWT) or TGFbRfl/fl/CD11ccre (TGFbRIIcKO) mice. The two

groups of mice were injected with CpG, which caused compara-

ble SIRS in sera (Figure S4E). After 5, 10, and 15 days, all the

cDCs of chimeras where all cells express TGF-bR expressed

the paralyzed STA (Figure 5A, S4F, and S4G). In the mice where

1/3 of the cDC did not express TGF-bRII, the TGF-bRII-deficient

cDC maintained normal expression of surface markers

(Figures 5A, S4F, and S4G), indicating TGF-b recognition is a

requirement for the induction of paralysis. Surprisingly though,

paralysis was also reduced in the WT cDCs in these chimeras

at the three time points measured (Figures 5A, S4F, and S4G).

This suggested that when cDCs recognized TGF-b, they them-

selves contributed to the induction of paralysis. Indeed, expres-

sion of TGF-bR and production of latency associated protein42

were increased in paralyzed cDCs (Figure 5B).

Next, we addressed whether interfering with TGF-b recogni-

tion impacted formation of paralyzed cDCs. Injection of anti-

TGF-b 1 and 3 days after CpG improved the phagocytosis by

cDCs (Figure 5C). Furthermore, cross-priming of OT-I cells and

induction of anti-HSV CD8+ T cell responses, activities mediated

primarily by cDC,23 were also enhanced (Figures 5D and 5E).

Anti-TGF-b treatment also reduced cDC paralysis in malaria in-

fected-cured mice (Figure 5F).

DISCUSSION

Our results show that the functional properties of the cDC

network following infection can differ from the one that existed

before infection, a departure from the classical view where reg-

ulatory mechanisms restore homeostasis. Splenic cDCs are

continuously replaced by BM-derived precursors.16,19 These

precursors undergo differentiation into resting (formerly known

as ‘‘immature’’) cDC1s and cDC2s in the spleen itself, acquiring

STAs that are partly set by hardwired transcriptional programs

and partly by the influence of local factors.20,21,37 For instance,

granulocyte macrophage colony-stimulating factor stimulates

the acquisition of cross-presentation capacity in cDC1.20 In the

absence of overt infection, virtually all cDCs remain resting until

they die, with a half-life of 1.5–3 days in spleen.19 These cDCs are

highly efficient at capturing and presenting Ags, secreting cyto-

kines, and initiating adaptive immunity. Intravenous injection of

TLR ligands activates all splenic cDCs. As activated cDCs no

longer capture and present most forms of Ag,23,24 and stop cyto-

kine secretion,43 systemic cDC activation impairs immunity

against new challenges.44 The activated cDCs are replaced by

new resting cDCs within 5 days. If the activation was induced

with a low dose of TLR ligand, the new resting cDCs developed

normally. However, higher doses of TLR ligands, or malaria

infection, caused SIRS, inducing a local environment where

several generations of cDCs acquired a paralyzed STA.

Paralysis was induced by secondary inflammatory signals

acting locally at the site of final cDC differentiation, as we have
Cell Reports 43, 113754, February 27, 2024 9



Figure 5. Role of TGF-b in induction of paralyzed cDCs

(A) Proportion of paralyzed WT or TGF-bRII-deficient cDCs generated in WT:TGFbRIIWT or WT:TGFbRIIcKO mixed BM chimeric mice 5 days after CpG injection.

(B) (Left) Expression of TGF-bRII on splenic cDCs of CpG-treated mice. (Right) Frequencies of latency associated protein (LAP)+ cells after 8 h incubation of

splenic cDCs with GolgiPlug 5 days after CpG.

(C–E) Mice were injected with CpG and with anti-TGF-b or isotype control mAb 1 and 3 days after CpG. The following measurements were performed: (C) OCB

phagocytosis by splenic cDCs at indicated times after CpG; (D) OT-I priming in response to OCS vaccination 5 days after CpG injection; and (E) gBT-I priming (left)

and expansion of H2-KbgB tetramer-specific CD8+ T cells (right) following intravenous HSV infection 5 days after CpG injection.

(F) PbA infected-cured mice were treated with anti-TGF-b or isotype control mAb as shown, and the proportion (left) and phagocytic capacity (middle) of splenic

cDC1s and OT-I priming with OCSs (right) were measured on day 11.

All results are from at least 2 independent experiments. Bar graphs showmeans ± SEMwith each dot corresponding to one mouse. Independent-samples t test.

ns, non-significant; *p % 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001.

See also Figure S4.
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shown previously that lung inflammation does not induce splenic

cDC paralysis,15 and here we showed that intravenous CpG in-

jection did not affect lung cDC function. More severe SIRS

may cause more widespread cDC paralysis, a situation that is

probably more common in patients in the ICU in whom SIRS

causes organ damage.11 In such situations, induction of the pa-

ralysis STA may commence in BM precursors,45 but we showed

here that local in situ factors are sufficient to induce the paralysis

STA even on cDCs derived from BM precursors of animals

that were not exposed to any inflammatory stimulus at all.

Conversely, cDC precursors of mice that suffered SIRS devel-

oped normally in healthy recipient animals. This observation

also implies that induction of paralyzed cDCs lasts for as long
10 Cell Reports 43, 113754, February 27, 2024
as the signals that induce the paralysis STA persist in the

affected organ. In the experimental models analyzed here, it

took �21 days to observe full recovery, implying that at least

four generations of newly formed splenic cDCs underwent paral-

ysis. We hypothesized that blockade of paralysis-inducing fac-

tors may hasten recovery. Indeed, blocking TGF-b induced for-

mation of immunocompetent cDCs post-SIRS, although it is

likely that other factors may also be involved. These may include

other cytokines, surface receptors, stromal components, the

metabolic status of the tissue, and microbial products. Identifi-

cation of these factors, the cells that produce them, and the

mechanisms responsible for their formation and persistence is

an important subject for future studies.22



Article
ll

OPEN ACCESS
Understanding how the paralysis STA changes the phenotype

and function of cDCs is as important as the description of the

factors that promote it. Normal and paralyzed cDCs differed in

the expression of several surface markers, enabling quantitation

of their formation over time following SIRS. We have shown that

at least some of the phenotypic changes that characterize hu-

man paralyzed cDCs or macrophages can be detected in circu-

lating cells,11 illustrating the diagnostic value of these findings.

The ability to predict which patients with SIRS may be more sus-

ceptible to secondary infections may improve their manage-

ment, reduce the costs associated with their care, and reduce

the use of antibiotics, in turn helping to impair the emergence

of antibiotic-resistant pathogens.12

With regard to functional defects, we have identified that Ag up-

take, and in particular phagocytosis, is severely impaired in para-

lyzed cDCs. We also observed impaired presentation of the

(reduced) amount of Ag that was phagocytosed by the paralyzed

cDCs.MHCclass I and IImoleculeswereexpressedon thesurface

of normal and paralyzed cDCs at equivalent levels. Since MHC

molecules are only expressed on the cell surface if they are bound

toself or foreignpeptideAgs, thedefect inpresentationof endocy-

tosedAgcannot be attributed to overt defects inMHCexpression,

peptide production, or assembly and transport of MHC-peptide

complexes. Rather, we propose that some of the steps required

for peptides derived fromcapturedAgs to intersect theMHCclass

I and II (cross-)presentation pathways are impaired in paralyzed

cDCs. Protein transfer to the cytosol, required for cross-presenta-

tion, was one. This conclusion aligns with the concept, supported

by other studies, showing that the efficiency of presentation of en-

docytosed Ag is influenced by the specific mechanism of capture

or the fate of the endosomal compartments containing Ag.33,46,47

Interestingly, we showed here that these regulatory mechanisms

are under the influence of the tissue environment because cDCs

that were impaired in presentation of Ag captured in vivo were

able to capture and present Ag in vitro. Furthermore, we were

able to partially overcome the Ag cross-presentation defects of

cDC1s in vivo by targeting the Ag to a surface receptor, show-

casing how the characterization of functional defects can lead to

restorative strategies potentially applicable to the clinic.

In summary, the findings presented here contribute to under-

standing the basis for the paradoxical immunosuppression that

follows recovery fromSIRS andwhy the duration exceeds the life-

span of cDCs. They also provide a potential explanation for the

reduced effectiveness of vaccines in malaria-endemic areas,

where individuals may suffer frequent episodes of mild to severe

systemic inflammation that may prevent effective uptake and

presentation of vaccines against malaria and other pathogens.14

In such individuals, cDCs may undergo an STA that sets the

threshold of responsiveness to a higher, less effective level than

in individuals exposed to lower pathogen burdens. Measuring

the expression levels of immunocompetence markers on cDCs,

delaying the time of vaccination until cDC paralysis wanes, or

designing vaccines to target more effectively MHC presentation

pathways are potential strategies to overcome immune paralysis.

Limitations of the study
Only one experiment, using the indicated number of mice, was

performed to obtain the following data points: day 21 in the left
graph of Figure 1L (n = 2), themiddle and right graphs of Figure 4I

(n = 3), the top left graph of Figure S2B (n = 3), and the top graphs

in Figures S4B (n = 3), S4C (n = 3), and S4F (n = 2).
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Anti-mouse CD81-APC, Clone Eat-2 Biolegend Cat# 104909; RRID:AB_2562993

Anti-mouse CD184 (CXCR4)-PE, Clone 2B11 eBioscience Cat# 12-9991-81; RRID:AB_891393

Anti-mouse IRF4-eFluor660, Clone 3E4 eBioscience Cat# 50-9858-82; RRID:AB_2574393

Anti-mouse IRF7-PE, Clone MNGPKL eBioscience Cat# 12-5829-80; RRID:AB_2572628

Anti-mouse CD3Ɛ, Clone KT3-1.1 WEHI mAb facility N/A

Anti-mouse Thy1, Clone T24/31.7 WEHI mAb facility N/A

Anti-mouse B220, Clone RA3-6B2 WEHI mAb facility N/A

Anti-mouse Gr1, Clone RB6-8C5 WEHI mAb facility N/A

(Continued on next page)
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Anti-mouse erythrocyte, Clone TER-119 WEHI mAb facility N/A

Anti–DEC205-OVA, Clone NLDC145-OVA From M. Lahoud N/A

rat IgG2a isotype control mAb-OVA,

Clone GL117-OVA

From M. Lahoud N/A

Anti-Clec9A–OVAFGD–A647 From W.R. Heath N/A

isotype–OVAFGD–A647 From W.R. Heath N/A

Anti-Clec9A-Ea peptide, Clone 10B4 From I. Caminschi N/A

isotype-Ea peptide From I. Caminschi N/A

Anti-mouse TGFb blocking mAb, Clone 1B11 WEHI mAb facility N/A

rat IgG1k isotype control WEHI mAb facility N/A

LEAF purified anti-mouse CD210 (IL-

10R), Clone 1B1.3a

Biolegend CAT# 112708; RRID:AB_313521

LEAF purified rat IgG1k isotype control,

Clone RTK2071

Biolegend CAT# 400414; RRID:AB_326520

Bacterial and virus strains

Plasmodium berghei ANKA strain Lundie et al.28 N/A

Influenza A virus Jenkins et al.48 x31-OVA

Herpes simplex virus (HSV)-1 Gift from L. Brown,

University of Melbourne

N/A

Chemicals, peptides, and recombinant proteins

bromodeoxyuridine (BrdU) Sigma-Aldrich 19160

CpG1668 (20mer)

50-T*C*C*A*T*G*A*C*G*T*T*C*C*T*G*A*T*G*C*T

Bioneer N/A

LPS from Escherichia coli O127:B8 Sigma-Aldrich L3129

Poly(I:C) HMW InvivoGen tlrl-pic-5

Chloroquine Sigma-Aldrich 6823-83-2

Hoechst 33258 solution ThermoFisher Scientific H3569

FACS buffer (PBS 2% FCS) Made in-house N/A

Albumin from chicken egg white,

lyophilized powder,

R98%

Sigma-Aldrich A5503-10G

Ovalbumin egg white purified Worthington LS003054

RPMI 1640 medium Made in-house N/A

penicillin-streptomycin made in-house N/A

Glutamax Gibco 35050061

2-mercaptoethanol Gibco 21985023

Streptavidin Fluoresbrite YG

microspheres (1.0 mm in diameter)

Polysciences 24161–5

Fluoresbrite YG carboxylate

microspheres (0.5 mm)

Polysciences 15700–10

PKH26 red fluorescent cell linker

kit for general cell membrane labeling

Sigma-Aldrich PKH26GL-1KT

OVA-biotin Worthington Worthington

Ovalbumin, fluorescein conjugate ThermoFisher O23020

Nycodenz Nycomed Pharma N/A

Recombinant murine FLT3 ligand PeproTech 250-31L

Neomycin sulfate Enzo Life Sciences ALX-380-035

Sphero blank calibration particles 6.0–6.4 um BD Biosciences 556396

Anti-Clec9A-YAe Made at-house N/A

Biotinylated anti-mouse Ea52-68 (clone eBioYAe) eBioscience 13–5741

BioMag goat anti-rat IgG Qiagen 310107

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Paraformaldehyde 16% solution, EM grade Electron Microscopy Sciences 15710

Sucrose Chem-Supply SA030

Dako protein block serum-free Agilent X0909

ProLong Gold antifade mountant ThermoFisher P36930

NEB 100 bp ladder BioLabs New England N0467L

DirectPCR Lysis Reagent (Mouse Tail) Viagen 102-T

Proteinase K, recombinant, PCR grade Roche 3115879001

GoTag Green master mix Promega M7123

Agarose molecular grade Bioline Bio-41025

SYBR Safe DNA gel stain Invitrogen S33102

Collagenase type 3 Worthington LS004183

DNase I (Deoxyribonuclease I) Roche 10104159001

EDTA Sigma-Aldrich E5134

RBC lysis buffer Made in-house N/A

Bovine Serum Albumin (BSA) Sigma A7906

GolgiPlug BD Biosciences 555029

Propidium iodide ThermoFisher P1304MP

Cytochalasin D Gibco PHZ1063

Cytochrome c from equine heart Sigma-Aldrich C7150

Critical commercial assays

CBA mouse inflammation kit BD Bioscience 552364

Mouse Th1/Th2/Th17 CBA kit BD Bioscience 560485

BD Cytofix/Cytoperm kit BD Bioscience 554714

CellTraceTM Violet Cell Proliferation Kit Invitrogen C34557

CellTrace CFSE Cell Proliferation Kit Invitrogen C34554

RNeasy plus mini-kit QIAGEN 74034

SuperScript III First-strand synthesis system Thermofisher scientific 18080051

Deposited data

RNA-seq data This paper GEO: GSE68697; GEO: GSE207845

Experimental models: Cell lines

Murine Flt3L secreting B16 melanoma cell line Segura et al.49 N/A

Experimental models: Organisms/strains

Mouse: C57BL/6J (B6) The Jackson Laboratory JAX: 000664

Mouse: B6.SJL-PtprcaPep3b/BoyJ (CD45.1) Charles River N/A

Mouse: mutant B6.C-H-2bm1 (bm1) Nikoli�c-Zugi�c et al.50 N/A

Mouse: C57/B6.129S2-H2dlAb1�Ea/J (H2) The Jackson Laboratory JAX: 003584

Mouse: B6-Tg(TcraTcrb)1100Mjb/J (OT-I) Hogquist et al.51 N/A

Mouse: B6.Cg-Tg(TcraTcrb)425Cbn/J (OT-II) Barnden et al.52 N/A

Mouse: Tg(TcraHsv2.3,TcrbHsv2.3)L118-1Cbn (gBT-I) Mueller et al.53 N/A

Mouse: CD11c-mOVA Wilson et al.23 N/A

Mouse: B6.129-Ppargtm2Rev/J (PPARgloxP) The Jackson Laboratory JAX:004584

Mouse: B6.Cg-Tg(Itgax-Cre)1-1Reiz/J (Itgax-Cre) The Jackson Laboratory JAX:008068

Mouse: C57BL/6J-Tlr9M7Btlr/Mmjax (TLR9�/�) The Jackson Laboratory JAX: 34329

Mouse: Tgfb2rfl/fl Ramalingam et al.41 N/A

Oligonucleotides

Ppargfl/fl Fwd 50-TGGCTTCCAGTGCATAAGTT-30 Bioneer N/A

Ppargfl/fl Rev 50-TGTAATGGAAGGGCAAAAGG-30 Bioneer N/A

CD11cCre Fwd-1 50-ACTTGGCAGCTGTCTCCAAG-30 Bioneer N/A

(Continued on next page)
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CD11cCre Fwd-2 50-CAAATGTTGCTTGTCTGGTG-30 Bioneer N/A

CD11cCre Rev-1 50-GCGAACATCTTCAGGTTCTG-30 Bioneer N/A

CD11cCre Rev-2 50-GTCAGTCGAGTGCACAGTTT-30 Bioneer N/A

Software and algorithms

FlowJo v10.5.3 FlowJo, LLC RRID:SCR_008520

Prism 8 GraphPad RRID:SCR_002798

Adobe Illustrator CC 2022 Adobe https://www.adobe.com/

R R Project for Statistical

Computing

RRID:SCR_001905

R packages Rsubread, limma and edgeR Bioconductor 3.1 RRID:SCR_006442

FCAP Array v3.0.1 BD Biosciences Cat# 652099

ImageJ National Institutes of Health N/A

Zen Black software Zeiss N/A

Other

FACS Canto II BD Biosciences N/A

LSR-II BD Biosciences N/A

FACSAria III BD Biosciences N/A

Cryostat Leica Biosystems N/A

Zeiss LSM 780 scanning confocal microscope Zeiss N/A

Veriti thermal cycler Thermofisher scientific Cat# 4375305

GelDoc system Bio-Rad N/A

Article
ll

OPEN ACCESS
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jose Vil-

ladangos (J.villadangos@unimelb.edu.au).

Materials availability
This study did not generate new unique reagents.

Data and code availability
All data is available in the main text or the supplementary materials. The RNA-seq data has been uploaded to the GEO repository

(GEO: GSE68697; GEO: GSE207845). Any additional information required to reanalyze the data reported in this paper is available

from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice
The mice used were C57BL/6J (B6), B6.SJL-PtprcaPep3b/BoyJ (CD45.1), mutant B6.C-H-2bm1 (bm1),50 B6.129S2-H2dlAb1-Ea/J

(H2) (knock out for MHC-II gene, MHC II�/-), B6-Tg(TcraTcrb)1100Mjb/J (OT-I),51 B6.Cg-Tg(TcraTcrb)425Cbn/J (OT-II),52

Tg(TcraHsv2.3,TcrbHsv2.3)L118-1Cbn (gBT-I),53 CD11c-mOVA (membrane OVA is expressed under the control of Itgax promoter),23

B6.129-Ppargtm2Rev/J (PPARgloxP) crossed to B6.Cg-Tg(Itgax-Cre)1-1Reiz/J (in which Cre recombinase is expressed under the control

of the Itgax promoter, so-called Itgax-Cremice), C57BL/6J-Tlr9M7Btlr/Mmjax (TLR9�/�), Tgfb2rfl/fl (floxed regions around Tgfb2r gene)41

crossed to Itgax-Cremice.Bothmaleand femalemicewereused.Allmiceweremaintained in specificpathogen-free (SPF) conditionsat

the Bio21 Institute Animal Facility (Parkville, Australia) following institutional guidelines andwere used between six and 16weeks of age.

Experimental procedures were approved by the Animal Ethics Committee of the University of Melbourne (Ethics no. 1714375, 20088).

METHOD DETAILS

Induction of systemic inflammatory response syndrome
Where indicated, mice were injected intravenously (i.v.) in the tail vein with 0.4, 1.25, 2.3, 5, 7 or 20 nmol of synthetic CpG1668, or

10 mg of LPS, dissolved in 200 mL of PBS. The malaria-cured infection was induced by i.v. injection of 106 Plasmodium berghei ANKA
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strain (PbA)-parasitized red blood cells followed by intraperitoneal (i.p.) injection of 0.4 mg chloroquine daily from day 4 to day 8, and

600mg/L chloroquine in drinking water on day 9 and day 10 as described.29 Parasitaemia was quantified in giemsa-stained thin blood

smears on indicated days.

Induction and monitoring of blood stage malaria infection
Mice were i.v. infected with 106 blood stage PbA parasites diluted in 200 mL sterile PBS. After infection, mice were i.p. injected with

0.8 mg chloroquine dissolved in PBS daily from day 4–8, followed by 600mg/L chloroquine in drinking water on days 8–10, as shown

in Figure S1H. Parasitemia was assessed by microscopic analysis of blood smears or by flow cytometry, by incubating �2 mL tail

bloodwith a 5 pg/mLHoechst 33258 solution in FACS buffer for 1 h at 37�C. Parasites were discriminated from uninfected RBC using

a 405 violet laser and a 450/50 filter.

Cytokine profiling in sera and culture supernatants
Mice were injected i.v. with different doses of CpG, 10 mg of LPS or were infected-cured with PbA-CQ. Blood was collected in Ep-

pendorf tubes and incubated on ice for 6 h, before centrifugation at 7000g for 5 min. The sera were transferred into fresh tubes and

stored at �20�C until examination. Flow cytometry-based cytometric bead array mouse inflammation CBA kit was used to analyze

cytokine concentrations in mouse sera or in supernatant of DC cultures. The assay was performed as per the kit manufacturer pro-

tocol, and beads were run on a FACS Canto II. Standard curves and concentration of cytokines were calculated using FCAP Array

v3.0.1 as per the manufacturer’s instructions.

Preparation of CellTrace violet-labeled T-cells
OT-I cells (H-2b-restricted anti-OVA257–264), gBT-I cells (H-2Kb-restricted anti-HSV gB498–505), or OT-II cells (H-2b-restricted anti-

OVA323–339) were purified from pooled lymph nodes (inguinal, axillary, brachial, sacral, cervical and mesenteric) of transgenic

Ly5.1+ mice by depletion of non-CD8+ T-cells, and were labeled with CellTrace Violet (CTV) as described previously.23 T cell prep-

arations were routinely 85–95% pure, as determined by flow cytometry. In order to transfer OT-cells to B6 mice, donors with geno-

type of Cg/Cg (phenotype of CD45.1+ CD45.2-) were used. To transfer OT-cells to chimeric mice, donors with genotype of Cg/+

(phenotype of CD45.1+ CD45.2+) were used.

Preparation of cell-associated OVA
To prepare OVA-coated splenocytes (OCS), splenocytes from bm-1 or MHC II�/- mice were incubated for 10 min at 37�Cwith 10 mg/

mL of albumin from chicken eggwhite (OVA) in RPMI 1640medium,were irradiatedwith 1,500 cGy, andwerewashed 3 times in RPMI

1640 medium with 2% FCS before injection.

Preparation of fluorescent OVA-coated beads (OCB)
Streptavidin Fluoresbrite YG microspheres (1.0 mm) were incubated with equal volume of biotinylated OVA for 30 min at 4�C. Beads
were washed at 10000 g for 6 min and incubated with FCS at 37�C water bath for 1 h. 1.5 x 109 (in 100 ml) beads/mouse were i.v.

injected, or 2 x 108 (5.5 ml) OCB per 1 x 106 cDC were incubated in vitro.

Priming of OT-cells in vivo

Mice were injected i.v.with 2 x 106 CTV-labeled OT-I or OT-II cells. One day later, mice were injected i.v.with 20 x 106 OCS, or 0.1mg

of soluble OVA with or without LPS (0.4 mg/mouse), or 0.5 mg of anti-DEC205-OVA (clone NLDC-45).34 Sixty hours later, total

splenocytes were stained with the following conjugated monoclonal antibodies (mAb): Fixable Viability Dye (FVD) eFluor 780,

CD45.1-FITC, CD8a-PE-Cy7 (for OT-I); CD4-APC (for OT-II). To stain for OT-cells in chimeric mice, FVD eFluor 780, TCRVa2-

FITC, TCRVb5.1, 5.2-PE, CD45.2-BV786. Also, for OT-I; CD8a-PE-Cy7, CD45.1-APC, and for OT-II; CD4-APC; CD45.1-PE-Cy7.

Cells were resuspended in buffer containing 2.5 x 104 blank calibration particles. Samples were acquired on an LSR-II and analyzed

using FlowJo software. Total number of live dividing OT-cells (CTVlow) was calculated per spleen.

In vivo CTL assay
Suspensions of a mixture of splenocytes and lymph node cells from B6mice were depleted of red blood cells and split into two equal

portions. One was pulsed for 1 h at 37�Cwith 0.1 mg/mL of OVA257–264 and then labeled with a high concentration (2.5 mM) of CFSE

(CFSEhi population). The other was incubated for 1 h at 37�C without peptide and was labeled with a low concentration (0.25 mM) of

CFSE (CFSElow population). Equal numbers of cells from each population were combined and 20 x 106 cells were transferred by i.v.

injection. Cell suspensions from spleen and peripheral lymph nodes (of inguinal, axillary, and brachial) were analyzed 4 h later by flow

cytometry. The percent of OVA lysis was determined by the loss of the peptide-pulsed CFSEhi population compared with the control

CFSElow population.54

Presentation of viral antigens after CpG
Untreated mice or mice pretreated with CpG or PbA infected-cured mice were subsequently infected at indicated days with HSV-1

(2 x 105 plaque-forming units (PFU)/mouse i.v., a gift from L. Brown, University of Melbourne, Melbourne, Australia). Mice were
Cell Reports 43, 113754, February 27, 2024 19



Article
ll

OPEN ACCESS
injected i.v. separately with 1 x 106 CTV-labeled gBT-I. After 60 h, gBT-I proliferation in spleen was determined by flow cytometry. To

measure the endogenous anti-HSV response, seven days after infection spleens were collected and the percentage of Kb-gB+ CD8+

T-cells was determined by flow cytometry as previously described.55

BrdU incorporation
Mice were injected i.p. with 1 mg bromodeoxyuridine (BrdU) in saline and then were continuously given BrdU (0.8 mg/mL) in sterile

drinking water that was changed daily. After 5 days, DCs were isolated and analyzed as described previously.19

Preparation of single cells from spleen
Spleens were chopped and digested by resuspension for 20 min at room temperature (RT) in RPMI 1640 medium with 2% FCS and

0.7 mg/mL of collagenase type 3 and 0.1mg/mL of DNase I. EDTA (final 10mM) was then added and resuspended for further 5min at

RT. The suspension was passed through 70 mm strainer.

cDC isolation, analysis and culture
DC purification from spleen, analytical and preparative flow cytometry and DC cultures in vitro were performed as described previ-

ously.19 The following conjugated monoclonal antibodies were used: FVD eFluor 780; CD45RA-FITC, CD11c-BV711, I-A/I-E

(panMHC II)-BV421, CD8a-PE-Cy7; CD172a (Sirpa)-AF700, CD11b-APC, XCR1-BV650, CD24-PE, DEC205-PE, CD11b-BV510,

and CD8a-BV421. Activation and paralysis markers: CD80-FITC, CD86-BV650, CD40-PE, 3/23, CD103-PE, CD207 (Langerin)-PE,

CD1d-A488, Ly-6A/E (Sca-1)-APC, TGFbRII-Fluorescein, CD124 (IL-4Ra)-APC, CD210 (IL-10R)-PE, CD120b (TNFRSF1b)-PE,

CD137 (TNFRSF9)-PE, CD134 (OX-40) TNFRSF4-PE, Siglec-2 (CD22)-APC, CD81-APC, CD184 (CXCR4)-PE, IRF4-eFluor660,

and IRF7-PE. Samples were acquired on an LSR-Fortessa and analyzed using Flowjo software. When necessary, DC obtained

from the spleen of 2–10 mice were pooled and sorted with a FACSAria III (purity >95%). The cells were subsequently used for cell

culture or analysis of RNA. DCwere generated from bonemarrow precursors in culturemedium supplemented with Fms-like tyrosine

kinase 3 (Flt3) ligand (Flt3L) as previously described.56

RNA-seq expression profiling
Cells were FACS sorted (on average 3.5 x 106 cells per sample with purity over 95%) by using gating strategy as shown in Figure S1D;

cDC1 were gated as CD11c+CD45RA- > CD11b-CD8a+, cDC2 were gated as CD11c+CD45RA- > CD11b+CD8a-. Cells were lysed

for RNA preparation using the QIAGEN RNeasy plus mini-kit. RNA yields of 5 mg or above were used for sequencing. Two indepen-

dent RNA samples were obtained from paralyzed CD103high and from untreated CD103low CD8a+ cDC (cDC1). Three independent

RNA samples were obtained from untreated CD103neg cDC1, and from untreated cDC2 or paralyzed cDC2. RNA samples were

sequenced at the Beijing Genomics Institute using Illumina HiSeq 2000 sequencing systems. Reads were aligned to the to the

mm10 mouse genome using Subread v1.4.6.57 Reads counts were obtained using featureCounts58 and Rsubread’s inbuilt

RefSeq annotation.

Differential expression analyses were performed using the Bioconductor packages edgeR59 and limma.60 Ribosomal and immu-

noglobin genes were filtered, as were low abundance genes with average log-count-per-million less than zero. Library sizes were

normalized by the TMMmethod.59 Counts were transformed to log2-counts per million (logCPM) with associated precision weights

using voom.61 Differential expression between the cell populations as assessed using empirical Bayes moderated t and F-statistics,

with robust estimation of the Bayesian hyper-parameters.60,62 The cDC2 linear model was undertaken as a paired analysis. The para-

lyzed cDC1 population was compared to the average of the two untreated cDC1 populations using a linear model contrast. In order to

restrict attention to genes showing biological meaningful expression changes, genes were only considered to be differentially ex-

pressed if the fold change was significantly greater than 1.5 using the TREAT method.63 The Benjamini and Hochberg method

was used to control the TREAT false discovery rate (FDR) below 10%. A TREAT of 0.1 corresponds to a conventional FDR of less

than 0.05.

A rotation gene set test (ROAST) was used to compare the average expression of cDC1 markers in paralyzed cDC1 vs. the two

untreated cDC1, and also the average expression of cDC2 markers in paralyzed cDC2 vs. untreated cDC2.64 Heatmaps show

log2-counts-per-million computed by edgeR’s cpm function.

Cytochrome C-induced depletion of cross-presenting cDC1
Micewere i.v. injected twice with 5mg of horse cytochrome cwith an interval of 12 h. 12 h after the second injection, DCwere purified

and quantitated as described previously.32

In vitro phagocytosis assays
Enriched cDC were seeded in flat-bottom 12 well plate in complete DCmedium; RPMI 1640medium, 10% FCS, 1% penicillin-strep-

tomycin, 1%Glutamax, and 0.2% 2-mercaptoethanol. Fluorescent OCB were added at numbers indicated earlier, for 3–4 h at 37�C.
DC were then stained with FVD eFluor 780 and for surface markers. The frequencies of phagocytic DC were determined by flow cy-

tometry as percentages of OCB+ cells among cDC1 and cDC2.
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In vivo endocytosis and phagocytosis assays
Mice were injected i.v. with 1 mg of OVA-fluorescein (for 45 min), 3.64 x 109 Fluoresbrite YG carboxylate microspheres (0.5 mm in

diameter) (for 2 h), 1.5 x 109 fluorescent OCB (for 2 h), or 20 x 106 PKH26+ OCS (for 2 or 12 h). After the indicated durations, spleens

were harvested, and uptake of antigen was assessed by flow cytometry as described previously.23,65

Intracellular staining of cytokines
Enriched cDC were cultured for 8 h in complete DC medium in the presence of 1 ml/ml GolgiPlug, and were stained with FVD eFluor

780 and for surface markers in the presence of GolgiPlug. Fixation and permeabilization were performed by use of BD Cytofix/

Cytoperm Fixation/Permeabilization kit, following manufacturer instructions. Fixed and permeabilized cells were incubated with

mAb for cytokines or isotype controls for 2–3 h on ice, and were read by flow cytometry.

ex vivo priming of OT-cells
Following in vivo endocytosis or phagocytosis, at time-points indicated above, spleens were harvested and cDC were enriched, and

stained for surface markers. Endocytic/phagocytic or non-endocytic/non-phagocytic cDC1 and cDC2 were FACS-sorted and

cultured in U-bottom 96 well plate (10 x 103 to 25 x 103 DC/200ul complete DC medium/well). 25 x 103 CTV-labeled OT-cells/well

were added. Proliferation was assessed after 60–70 h of incubation.

Spleen confocal fluorescence microscopy
Spleens were fixed in 4%paraformaldehyde for 3 h, incubated in 30% sucrose overnight and cryofreezed by liquid nitrogen. Sections

of 16 or 70 mm thickness were prepared by use of Cryostat. The 70 mmsections, after 30min of drying out at RT, were directly used for

examination with fluorescence confocal microscope. The sections of 16 mm thickness, after 30 min of drying out at RT, were blocked

by Dako block, then counterstained with appropriate primary and secondary antibodies. The slides were subsequently mounted with

ProLong Gold antifade mountant. Imaging was performed using the Zeiss LSM 780 scanning confocal microscope. All images were

analyzed using ImageJ or Zen Black software.

Generation of full or mixed bone marrow chimeras
Bonemarrow (BM) was obtained from tibia and femur bones of donor mice after flushing by use of 25G needles. Recipient mice were

g-irradiated twice with 550Gy andwere reconstituted with 5 x 106 BM cells for full chimeras, or 2.5 x 106 BMcells of each donor strain

for 1:1mixed chimeras, or 1.7 x 106 and 3.3 x 106 BMcells of each relevant donor strain for 1:2mixed chimeras. Neomycin (50mg/mL)

was added to the drinking water for the following 3 weeks. Chimeras were used for subsequent experiments after 8 weeks of recon-

stitution. The percentage of chimerism was tested before or during the experiments.

Enrichment of CD11cint cells
Spleens were mechanically and enzymatically digested. Supernatant after centrifugation of splenocytes in isosmotic nycodenz me-

dium of 1.077 g/cm3 density was sampled as ‘‘before depletion’’, then used for negative enrichment by use of cDC mAb enrichment

cocktail as described before.19 Cells of non-cDC lineage were depleted by incubating the cells in an antibody cocktail comprising

anti-CD3Ɛ (KT3-1.1), anti-Thy1 (T24/31.7), anti-B220 (RA3-6B2), anti-Gr1 (RB6-8C5), and anti-erythrocyte (TER-119), then removing

the Ab-binding cells with goat anti-rat IgG magnetic beads.

Late stage pre-DC cells
B6 mice were injected subcutaneously with 5 x 106 B16 melanoma cells secreting murine Flt3L and euthanized after 9–10 days.49

Pre-DC (CD11chighCD24highCD8anegCD11bneg) were collected from the spleen by negative selection as described previously.38

Cell transfer to non-irradiated mice
For BM cells transfer, 20 x 106 per recipient was transferred (experimental designs in Figure S4B). The average number of cDC

derived from the transferred cell ±SEM was 0.062 ± 0.09 in unpretreated recipients and 0.048 ± 0.0.9 in CpG-pretreated recipients.

For CD11cint cell and cDC transfer, 0.5-1 x 106 per recipient was transferred (experimental designs in Figures S4D and S4F).

Induction of influenza A virus pulmonary infection
104 PFU of influenza virus H3N2A-x31 with OVA peptide257-264 SIINFEKL inserted into neuraminidase stalk; x31-OVA as described

in,48 diluted in 50 ml sterile PBS, was inoculated intranasally to anesthetized mice to induce a non-lethal acute pneumonia.

PCR for genotyping Itgax-Cre and PPARgfl/fl mice
Total DNAwas prepared by heatingmouse earclips or FACS-sorted cDC inmouse tail DirectPCR lysis buffer and proteinase K at final

concentration of 0.3mg/mL at 55�Covernight, followed by 45min at 85�C. The supernatant was used as template DNA. Primers used

are noted in key resources table. Primers and GoTaq Green master mix were used in PCR reaction which was run in Veriti thermal

cycler. PCR products were run on 2%agarose gel containing 1:1000 of SYBRSafe, along with 100 bpDNA ladder for 30min at 120 V.

Gels were visualized in GelDoc system.
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Antibodies used for targeting and blocking
Anti–DEC205-OVA or rat IgG2a isotype control mAb-OVA were obtained from A/Prof. Mireille Lahoud laboratory. 0.5 mg was i.v. in-

jected per mouse. Anti-Clec9A–OVAFGD–A647 and isotype–OVAFGD–A647 were obtained from Prof. William Heath laboratory. 2 mg

was i.v. injected per mouse. Anti-Clec9A-Ea peptide and isotype-Ea peptide were obtained from A/Prof. Irina Caminschi laboratory.

5 mg was i.v. injected per mouse. TGFb blocking mAb and rat IgG1k isotype control were purchased from WEHI mAb facility. 44 mg

was i.p. injected per injection/mouse. CD210 (IL-10R) blocking mAb and rat IgG1k isotype control were purchased from Biolegend

were i.p. injected (150 mg/mouse/2 days).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were plotted using GraphPad prism. Independent-samples t test with Welch’s correction (no assumption of equal variances)

followed by Dunnett’s T3 multiple comparisons test were used for statistical analyses. Statistical details of experiments (number

of mice per group and p values) can be found in the figure legends. Bars in graphs denote mean ± SE. p % 0.05 for statistical sig-

nificance. Blank or ns: non-significant, *p % 0.05 **p % 0.01, ***p % 0.001, ****p % 0.0001 [two-tailed p value (95% CI)].
22 Cell Reports 43, 113754, February 27, 2024
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