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Optimal protection against Salmonella infection
requires noncirculating memory
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While CD4 Th1 cells are required for resistance to intramacrophage
infections, adoptive transfer of Th1 cells is insufficient to protect
against Salmonella infection. Using an epitope-tagged vaccine
strain of Salmonella, we found that effective protection correlated
with expanded Salmonella-specific memory CD4 T cells in circula-
tion and nonlymphoid tissues. However, naive mice that previ-
ously shared a blood supply with vaccinated partners lacked
T cell memory with characteristics of tissue residence and did not
acquire robust protective immunity. Using a YFP-IFN-y reporter sys-
tem, we identified Th1 cells in the liver of immunized mice that
displayed markers of tissue residence, including P2X7, ARTC2,
LFA-1, and CD101. Adoptive transfer of liver memory cells after
ARTC2 blockade increased protection against highly virulent bac-
teria. Taken together, these data demonstrate that noncirculating
memory Th1 cells are a vital component of immunity to Salmonella
infection and should be the focus of vaccine strategies.

Salmonella infection | CD4 T cell | protective immunity |
tissue-resident memory | vaccines

Enteric fever is caused by infection with Salmonella enterica
serovar Typhi (S. Typhi) and afflicts many individuals in low-
income nations (1). S. Typhi uniquely infects humans and is trans-
mitted via the oral-fecal route in geographical locations lacking
access to clean water and/or sanitation (2, 3). Even after recovery
from enteric fever, antibiotic-treated patients remain susceptible to
reinfection, suggesting incomplete protective immunity after pri-
mary exposure (2, 4). Infection of inbred mice with S. enterica
serovar Typhimurium (S. Typhimurium) causes a systemic infection
with many similarities to human Salmonellosis and is used to study
the mechanistic basis of effective Salmonella-specific immunity (5).

Two typhoid vaccines are licensed in the United States, one of
which is a live vaccine strain (LVS) of S. Typhi that provides
modest protection (6). Protective immunity can also be established
in susceptible C57BL/6 mice using an LVS of S. Typhimurium (5).
In this mouse model, LVS-mediated protection requires
Salmonella-specific CD4* memory Thl cells and B cells (7-10).
Interestingly, both of these lymphocyte populations are actively
targeted by bacterial immune evasion strategies (11-15). While
LVS-immunized mice develop robust protection to Salmonella,
acquired immunity is not easily transferred to naive mice (5).
Transfer of immune spleen cells to naive mice does not provide
complete protection, suggesting a requirement for antibody (16,
17). However, transfer of immune serum and immune spleen
cells confers only partial protection (16, 18). Given these fea-
tures of protective memory, it seems possible that noncirculating
lymphocytes constitute a major component of protection medi-
ated by LVS vaccination.

There is considerable heterogeneity within the T cell memory
pool (19), and only a fraction of memory cells are accessible by
sampling blood and lymphoid organs (20, 21). A pool of memory
T cells resides in nonlymphoid tissues, and assessment of their
contribution to protection is challenging (22). Here, we demonstrate
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that LVS immunization induces Salmonella-specific circulating
and tissue-resident memory populations. When naive mice shared
a circulation with LVS-immunized mice, they gained circulating
memory CD4 T cells but remained unable to efficiently resolve
Salmonella infection. Analysis of liver Th1 cells identified memory
T cells displaying markers of tissue residence that could transfer
protective immunity to naive recipients. Notably, this transfer re-
quired inhibition of P2X7 receptors, associating another feature of
tissue-resident lymphocytes to these Salmonella-specific liver mem-
ory CD4 T cells. Our data therefore suggest that liver-associated
memory CD4 T cells are a vital component of vaccine-mediated
protection against Salmonella infection.

Results

Immunization with Salmonella-2W Provides Robust Protection. To
visualize Salmonella-specific memory CD4 T cells, we generated
recombinant AroA-deficient LVS Salmonella expressing 2W1S
(BRD2W), a T cell epitope that allows identification of responding
CD4 T cells by tetramer pull-down (23). The BRD2W strain col-
onized C57BL/6 mice for ~5 wk (SI Appendix, Fig. S1). When
BRD2W-immunized mice were subsequently challenged with vir-
ulent Salmonella (SL1344), bacterial burdens were two to three
orders of magnitude lower than in naive mice (Fig. 1 4 and B).

Significance

Effective vaccination against Salmonella infection requires the
generation of memory T cells that can be reactivated upon
exposure to bacteria in a natural setting. It is unclear whether
immunity requires memory T cells that continuously patrol
blood, lymphatics, and tissues, whether noncirculating T cells
are important, or both. We demonstrate the generation of
circulating and noncirculating memory pools after immuniza-
tion. However, naive mice that previously shared a blood
supply with vaccinated partners received recirculating memory
T cells, but did not have T cell memory with characteristics of
tissue residence, resulting in a failure to acquire robust pro-
tective immunity. Thus, noncirculating tissue-resident memory
T cells are vital for effective protection against Salmonella.
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Furthermore, this protective immunity was long-lived and clearly
evident at 45, 90, or 135 d postimmunization (Fig. 1 C and D).

LVS Immunization Generates Memory CD4 Cells in Lymphoid and
Nonlymphoid Tissues. LVS immunization usually initiates expan-
sion of CD4 T cells and subsequent generation of CD4-dependent
protective immunity (24-27); however, individual subsets of
Salmonella-specific memory CD4 T cells have not been carefully
assessed. Using 2W1S MHC class-II tetramers, we detected an
elevated frequency of Salmonella-specific CD4 T cells in blood and
spleen 42 d after LVS immunization (Fig. 24 and SI Appendix, Fig.
S2A4). The majority of antigen-specific CD4 T cells expressed high
levels of CD44 and T-bet and produced IFN-y upon restimulation
with heat-killed bacteria (Fig. 2B and SI Appendix, Fig. S2). At this
time point, mixed levels of CD27 were detected, consistent with the
gradual development of Salmonella-specific memory CD4 T cells
(26). Thus, LVS immunization generates an expanded population
of memory Thl cells with immediate effector function.
Tissue-resident memory (TRM) CD4 T cells have been described
in multiple infection models (28-30), but have not yet been docu-
mented in Salmonella infection. It should be noted that Salmonella
cause systemic infections and do not readily infect the intestinal
epithelial and lamina propria in intact mice (4, 31). Indeed, the most
appropriate nonlymphoid location to examine CD4 T cell-mediated
protective immunity to Salmonella is the liver, where bacterial rep-
lication is effectively controlled in LVS-immunized mice (27, 32).
Utilizing an intravascular stain (33), two populations of CD69*
Salmonella-specific CD4 T cells were detected in the lung and liver
of LVS-immunized mice, with variable access to the vasculature
(Fig. 2 C and D). The fenestrated architecture of the liver endo-
thelium can expose liver-resident T cells to blood, meaning that this
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Fig. 1. Immunization with LVS Salmonella confers long-lasting protection
against Salmonella infection. (A and B) Mice were immunized with 2.5 x 108
cfu/mouse intravenously (BRD509-2W1S). Mice were challenged orally
45 d later with 1 x 10° cfu/mL SL1344 via water bottle exposure. Mice were
euthanized on day 5 post challenge, and bacterial burdens were analyzed in
spleen and liver. Data show mean + SEM of two replicative experiments with
three to six mice per group. (C and D) Mice were immunized with 5 x 10°
cfu/mouse intravenously (BRD509-2W1S), and on indicated days later mice
were challenged with 1 x 10° cfu/mL SL1344 via water bottle exposure. Mice
were euthanized on day 5 post challenge, and bacterial burdens were ana-
lyzed in the spleen and liver. Data show mean + SEM with four to eight mice
per group per time point. ****P < 0.0001.
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Fig. 2. Circulating and resident Salmonella-specific CD4 memory T cells are
generated after LVS immunization. (A) Generation of circulating tetramer+
CDA4 T cells by LVS immunization. Blood and spleen samples were collected
from naive and LVS immunized mice (2.5 x 10° cfu/mouse intravenous
BRD509-2W1S) 42 d after immunization. Lymphocytes were isolated, stained,
and tetramer-positive cell events were quantified. Data show mean + SEM of
at least four mice per group. **P < 0.01. (B) Representative flow plot and
quantitation of IFN-y*T-bet"'9" CD4 T cells from mice immunized as in A. Data
show mean + SEM of pooled data from two replicative experiments. ****P <
0.0001. (C and D) Representative flow plots and pooled analysis from LVS-
immunized mice (2.5 x 10° cfu/mouse i.v.). On day 45 after immunization,
mice were administered anti-CD45.2 antibody (3 pg/mouse) 3 min before eu-
thanasia. Organs were harvested and digested before lymphocytes were
stained and quantified. Data show mean + SEM with six mice per group.

intravascular staining approach underestimates tissue residency
(34). Together, these data suggest that LVS immunization induces
Salmonella-specific memory T cells with hallmarks of both circu-
lating and tissue-resident memory CD4 T cells.

Immunity Induced by LVS Immunization Requires Circulating and
Noncirculating Memory. Parabiosis of immunized and naive ani-
mals allows direct analysis of the contribution of circulating mem-
ory CD4 T cells transferred to naive individuals. Around 14 d after
surgery, a mixed population of CD4 T cells was detected in the
blood of parabiosed congenic mice, and an equivalent percentage
of congenic CD4 T cells was detected at day 28 (S Appendix, Fig.
S3). After LVS immunization and separation surgery, circulating
Salmonella-specific memory cells were detected in the spleens of
both LVS-immunized and naive parabionts (Fig. 34). However,
LVS-immunized mice had a larger population of Salmonella-specific
CD4 memory cells in the liver (Fig. 3B). Next, we assessed whether
naive mice parabiosed to LVS-immunized mice were protected
against Salmonella infection. LVS-immunized mice were para-
biosed to naive mice for 1 month before separation surgery and
then challenged with virulent Salmonella. The surgical control
group and naive C57BL/6 mice had similarly high bacterial
burdens in the spleen and liver, demonstrating that parabiosis
surgery had no direct effect on immunity to Salmonella (Fig. 4).
As expected, LVS-immunized mice that had been parabiosed
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Fig. 3. LVS immunization induces noncirculating Salmonella-specific mem-
ory CD4 T cells. Congenically marked CD45.2 mice previously immunized
intravenously with 2.5 x 10° cfu/mouse were surgically joined to CD45.1 mice
for 28 d. Mice were separated, and tissues were harvested 14 d later. (A)
Tetramer numbers in spleens from naive, naive parabiont, and LVS-
immunized parabionts. Splenocytes were compared with naive and LVS-
immunized parabionts for presence of the CD45.2 congenic marker. (B)
Tetramer numbers in spleen (Left) and liver (Right) from naive and LVS-
immunized parabionts. Tissue lymphocytes were compared between naive
and LVS-immunized parabionts for presence of the CD45.2 congenic marker.
Data show mean + SEM from three mice per group. *P < 0.05.

displayed low tissue bacterial burdens equivalent to unpaired
LVS-immunized mice (Fig. 4). However, naive mice pre-
viously parabiosed to LVS-immunized mice displayed higher
bacterial burdens than LVS-immunized mice, but lower than
naive mice (Fig. 4). Taken together, these data demonstrate that a
proportion of immunity is transferred via a shared circulation, but
also that optimal protection against Salmonella requires non-
circulating memory CD4 T cells.

Phenotypic Characterization and Protective Function of Liver-Resident
Memory CD4 T Cells. To more carefully assess Salmonella-specific
memory Thl cells in the liver, we made use of an IFN-y reporter
line, in which transcriptional activity at the IFN-y locus is visual-
ized by eYFP expression (35). Reporter mice were immunized
with an LVS of Salmonella (TAS2010) that provides robust pro-
tective immunity to Salmonella infection (36). A large population
of memory CD4 T cells was detected in the liver that coexpressed
IFN-y and CD69 (Fig. 5 A and B). These IFN-y/CD69* memory
CD4 T cells also expressed high levels of P2X7, ARTC2, LFA-1,
and CD101 (Fig. 5 C-F), but lacked CD103 (Fig. 5G), phenotypic
markers recently associated with tissue-resident lymphocytes (37).
Notably, IFN-y/CD69* T cells lacked expression of KLRG1 (Fig.
5H), indicating that cells did not represent recently activated effector
cells. To determine their protective capacity against Salmonella in-
fectlon we adoptlvely transferred liver memory T cells into naive
Rag2 ™~ X1i2)g”" mice. Tn contrast to circulating T cells, tissue-resident
T cells often fail to survive adoptive transfer due to P2X7-dependent

10418 | www.phas.org/cgi/doi/10.1073/pnas. 1808339115

potassium influx (34). However, survival after transfer can be
enhanced by pretreating donors with a single-domain antibody
(S+16a) to inhibit ARTC2. ARTC2 ADP ribosylates P2X7, and
thus treatment with S+16a prevents the lethal opening of P2X7
ion channels on resident lymphocytes (34, 38, 39, 40). As expected,
splenocytes from S+16a-treated immune mice or controls failed to
confer protection against virulent Salmonella (Fig. 64). However,
adoptive transfer of liver cells from S+16a-treated immune mice,
but not from untreated control mice, significantly enhanced
survival (Fig. 64). Consistent with a protective role for CD4
TRMs, CD4 depletion or neutralization of IFN-y abrogated
adoptively transferred protection (Fig. 6B). Furthermore, CD69"
CD4" T cells preferentlally relocated to the liver of recipient
Rag2™~ x II2rg”"~ mice (Fig. 6C). Taken together, these data
indicate that liver-associated IFN-y—producing CD4™ T cells are
protective against Salmonella infection.

Discussion

Intracellular pathogens like Salmonella cause high disease mortality
and morbidity worldwide (3, 41). Next-generation Vi capsular
polysaccharide-conjugate typhoid vaccines are likely to enhance
protection against Vi-expressing typhoid serovars, but will not
combat systemic salmonellosis caused by Vi-negative paratyphoid
or nontyphoidal serovars (42, 43). Thus, the generation of effective
vaccines for nontyphoidal systemic salmonellosis remains an im-
portant research goal, and this process would be assisted by a
greater understanding of protective memory responses (1).
Salmonella-specific CD4 T cells are initially activated in the
Peyer’s patch and mesenteric lymph nodes (MLNs) before the
development of an adaptive response in the spleen to systemic
infection (26, 44, 45). This progression of activation correlates with
the general pattern of bacterial dissemination although the
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Fig. 4. Both tissue-resident and circulating memory are required for optimal
protective immunity against Salmonella infection. (A) Congenically marked
CD45.2 mice were immunized and boosted with 2.5 x 10° cfumouse, and
60 d later were surgically joined to CD45.1 mice for 30 d. Mice were separated and
challenged intravenously 14 d later with 1 x 10° cfu/mouse SL1344. Mice were
then euthanized 6 d post challenge. Spleens (B) and livers (C) were harvested,
homogenized, diluted, and plated to determine bacterial burden in each tissue.
Data show the mean of two replicative experiments +SEM with five to seven
mice per group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig.5. CD69" Th1 cells in the liver display markers of tissue residence. (A-H)
IFN-y-eYFP mice were immunized intravenously with 200 cfu of TAS2010,
and 12 wk later spleens and livers were assessed by flow cytometry. (A and B)
Representative plots and pooled percentages of CD69+ eYFP+ CD4+ T cells
from immunized mice. (C-H) FACS plots comparing the expression of P2X7,
ARTC2, CD101, LFA-1, CD103, and KLRG1 by eYFP+ CD69" (solid black line)
and eYFP+ CD69'° (gray shading) CD4+ T cells in the liver 12 wk after TAS2010
immunization. Data are representative of pools of (A-H) two independent
experiments. (B) n = 8. (C-H) n = 6 per group. **P < 0.01, ****P < 0.0001.

antigenic targets of intestinal and systemic responses may be
distinct (26). The process of Salmonella-specific memory
lymphocyte subset development is less clear and may be
confounded by bacterial evasion strategies that can affect
antigen-specific CD4 T cells (12, 15, 25, 46, 47). These in-
hibitory responses eventually wane, and memory CD4 Thl
cells emerge that can provide effective protection against
secondary infection (48). It is not yet clear whether protective
immunity depends upon circulating memory lymphocytes or
memory subsets that provide local defense of previously infected
tissues, such as the liver (49). Since Salmonella replicates within
macrophages of lymphoid and nonlymphoid tissues, it is not im-
mediately obvious which of these subsets would be critical.

Our data show that a robust Salmonella-specific CD4 mem-
ory T cell population is generated within the spleen and nonlymphoid
tissues of LVS-immunized mice. A substantial pro-portion of
memory T cells identified in the liver using an IFN-y reporter
expressed CD69, P2X7, ARTC2, LFA-1, and CD101, but lacked
expression of KLRG1 and CD103 (34, 49, 50), consistent with a
tissue-resident Thl memory subset. In agreement with this
characterization, a proportion of vascular stain-negative, CD69*
Salmonella-specific CD4 T cells failed to transfer after para-
biosis between LVS-immunized and naive mice. Taken together,
these data support the theory that LVS immunization effectively
generates tissue resident CD4 Thl cells in nonlymphoid tissues of
immunized mice. This theory would be consistent with other
infection models, where CD4* TRM cells specific for Chlamydia,

Benoun et al.

HSV, and TB have been detected in nonlymphoid tissues (29, 30,
50). This interpretation would also explain why adoptive transfers
have so far been only partially successful in transferring Salmonella-
specific protection (16, 17).

Importantly, our parabiosis experiments show that naive mice
sharing circulation with LVS-immunized mice acquire only mod-
est protection against Salmonella challenge. Since CD4 Thl cells
and antibody provide some immunity to Salmonella (8, 9, 16, 51),
it is likely this, albeit incomplete, circulating protection is due to
these factors. Indeed, a similar level of incomplete protection has
been observed in models where immune serum and immune
spleen cells have been transferred to naive mice (16). Importantly,
protection in LVS-immunized mice was more robust than in
parabiosed naive partners, demonstrating that noncirculating re-
sponses contribute to Salmonella immunity. Given the correlation
between enhanced protection in LVS-immunized mice and the
presence of antigen-specific tissue-resident Thl cells, the sim-
plest interpretation of these data is that tissue-resident memory
CD4 Th1 cells form an essential component of protective immu-
nity to Salmonella infection. However, alternative explanations are
possible, such as antigen retention in tissues or the persistence of
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Fig. 6. Liver-associated IFN-y* CD4* T cells protect against SL1344 infection.
(A-C) Survival of Rag2™~ x II2rg™" mice receiving 5 x 107 splenocytes or 1 x 107
lymphocyte-enriched liver cells from C57BL/6 mice that were previously infected
for 12 wk and received 50 pg S+16a or PBS by intravenous injection 15 min
before harvest. (A) Recipients were challenged intravenously with 200 cfu SL1344
24 h after adoptive transfer. (B) At the time of cell transfer, recipients of S+16a-
treated liver cells received intraperitoneal injections of 250 pg of isotype control
or anti-CD4 (GK1.5) or 200 pg anti-IFN-y (HB-170-15), and 20 h later, recipients
were challenged intravenously with 200 cfu SL1344. Antibody treatments
were repeated intraperitoneally every 3-4 d. (C) Distribution of CD69* eYFP*
CD4* T cells in Rag2~'~ x I12rg™~ mice that had been adoptively transferred
with liver cells from C57BL/6 mice infected for 12 wk that received 50 pg S+
16a or PBS. Data in A and B are representative of three independent ex-
periments. Data in C are representative of two independent experiments.
(B) n = 7-8. (C) n = 7-12 per group.
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low-level inflammation in previously immunized mice. The albeit
modest protection observed in parabiosed naive mice is likely to be
mediated by a combination of circulating memory cells and
antibody (5). While transfer of immune spleen cells does not
confer protection in this model, a modest degree of protection
has been observed by combining spleen cells with immune se-
rum transfer (16, 17, 52). The fact that adoptive transfer of liver
cells can confer partial resistance to challenge with virulent
Salmonella infection provides evidence that noncirculating liver
CDA4 T cells also make a contribution to protective immunity in
this model. It should be noted that, although Salmonella is an
intestinal infection, very few bacteria directly enter the lamina
propria (4, 31), meaning that defense against infection is ana-
tomically positioned within systemic lymphoid tissues and the
liver. Thus, the liver-resident memory T cell population de-
scribed in this study is likely to be a major contributing factor to
the resolution of oral infection.

These data have significant implications for the design of Sal-
monella vaccines since they highlight an essential, but previously
unrecognized, protective memory population. Although recent
studies from our laboratories and others show the potential for
subunit Salmonella vaccines to protect against Salmonella chal-
lenge, these approaches are usually less effective than LVS im-
munization (36, 53-55). Indeed, our recent studies suggest that
subunit vaccine-mediated protection relies solely on circulating
CD4 T cell memory (32). Thus, substantial improvements to the
effectiveness of subunit vaccines or LVS Salmonella strains may
require a new focus on the generation of Salmonella-specific
TRMs. While Salmonella vaccine approaches have often fo-
cused upon the generation of intestinal immune responses, the
generation of protective systemic TRM T cells is likely to re-
quire alternative strategies. Incorporation of this unexplored
variable into vaccine design may allow for the generation of an
effective subunit vaccine that could be administered safely to
vulnerable individuals.

Materials and Methods

Experimental Model: Mice. Female C57BL/6J (stock #000664) and B6.SLJ-Ptprc®
Pepc®/BobJ (B6 Cd45.1 Pep boy, stock #002014) 8-wk-old mice were purchased
from The Jackson Laboratories. IFN-y-eYFP™" C57BL/6 mice were generously
provided by R. Locksley, University of California, San Francisco (35). Mice were
housed in specific-pathogen-free conditions and handled in accordance with
institutional animal care and use committee practices at the University of
California, Davis, University of Connecticut, and University of Melbourne.

Salmonella and Bacterial Culturing. S. Typhimurium LVS strain BRD509 (AaroA)
(56) was modified to express a short peptide sequence (EAWGALANWAVDSA)
in frame with OmpC (BRD509-2W15S). It should be noted that, while BRD509
was initially reported as a mutant for aroA and aroD, recent genome se-
quencing has confirmed the presence of an intact aroD gene. Preliminary
experiments confirmed correct gene targeting, peptide expression, and acti-
vation of 2W1S-specific CD4 T cells in vivo. S. Typhimurium Aedd ApfkA ApfkB
(TAS2010) is a LVS with enhanced protective capacity (36). Before use, bac-
teria were streaked out onto McConkey agar plates and grown statically at
37 °C in Luria-Bertani broth (supplemented with 50 pg/mL streptomycin for
TAS2010). Before infection, ODgoo Of overnight cultures of BRD509 were
diluted with PBS to 2.5 x 10° ¢fu/0.2 mL (BRD509-2W1S), 1 x 103 cfu/0.2 mL
(SL1344), or 1 + 10° cfu/mL (SL1344) (57). Dose estimates were confirmed by
dilution of inoculum onto McConkey agar plates and by quantifying colonies
24 h later. For TAS2010 infections, 200 cfu were injected via the tail vein in a
volume of 200 pL.

Bacterial Burdens. To evaluate bacterial burdens, mice were euthanized via
cervical dislocation, and liver and spleen were harvested in 1x PBS. Liver and
spleen were homogenized and brought to a final volume of 5 and 3 mL,
respectively. Serial dilutions of organ homogenates were made, plated onto
McConkey agar plates, and incubated overnight at 37 °C. The next day,
colonies from serial dilutions were quantified and back-calculated to iden-
tify total cfu present in each organ.
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Intravascular Staining. Intravascular staining was accomplished as previously
established (33). Briefly, 3 pg anti-CD45.2 (BV650; Biolegend) or anti-CD90.2
(BV786; Biolegend) in 1x PBS was administered i.v. for 3 min to mice before
euthanasia. Organs were then harvested, and lymphocytes were isolated
from tissues and stained ex vivo.

Lymphocyte Isolation. Spleens were removed and placed in 2% FBS in 1x PBS.
Single-cell suspensions were made by pressing spleens through a 70-um
mesh cell strainer filter unit (catalog no. 08-771-2; Fisher). Cellular suspen-
sions were spun 720 x g for 5 min at 4 °C, and supernatant was decanted. To
remove red blood cells, the pellet was resuspended in 1 mL of ammonium-
chloride-potassium lysis buffer (catalog no. A1049201; Fisher) and incubated
at room temperature for 5 min. Lysis was halted with 9 mL 2% FBS in 1x PBS.
Cellular suspensions were spun and decanted as described previously. Pellets
were resuspended in 2% FBS in 1x PBS, and cells were quantified (Nexcelom
Cytometer Auto T4 Bright Field Counter). Livers were removed and placed in
2% FBS in 1x PBS. Single-cell suspensions were made as with spleens. Cellular
suspensions were spun at 720 x g for 10 min at room temperature with no
brake. Supernatant was decanted, and cells were suspended in 15 mL of
35% Percoll solution [P1644 (Sigma), 1x PBS, 6.5 mM Hepes, 1,500 units of
heparin]. Cellular suspensions were spun as previously described. Hepato-
cytes were gently aspirated, and cellular pellets were washed in 40 mL 2%
FBS in 1x PBS. Red blood cells were removed, and cells were resuspended in
2% FBS in 1x PBS and quantified.

Lungs were removed and placed in 1.3 mM EDTA solution. Tissue was cut into
small pieces and incubated in 20 mL 1.3 mM EDTA for 30 min at 37 °C with
stirring (700 x g). Tissue and EDTA were transferred to a 50-mL conical tube and
spun at 720 x g at room temperature for 5 min. Supernatant was aspirated, and
tissue was washed with 40 mL 2% FBS in 1x PBS. Tissue pieces were resus-
pended in 20 mL collagenase solution [4.7% FBS, 0.1 mM CaCl,, 0.1 mM MgCl,,
150 U/mL collagenase (catalog no. 17018-029; Invitrogen)] and incubated for
1 h at 37 °C with stirring (700 x g). Single-cell suspensions were made by pressing
tissue through a 70-um mesh cell strainer filter unit. Cells were spun as pre-
viously described and washed in 40 mL 2% FBS in 1x PBS. Pellets were sus-
pended in 8 mL of 44% Percoll solution (catalog no. 17-0891-02; GE Healthcare)
and overlaid onto 5 mL of 67% Percoll solution. Cells were spun at 720 x g for
20 min at room temperature (minimal acceleration, no break). Lymphocytes
were removed from Percoll and washed in 10 mL 2% FBS in 1x PBS. Cells were
resuspended in 2% FBS in 1x PBS and then were quantified.

Staining and Flow Cytometry. Single-cell suspensions were made as stated
above. Cells (2 x 10°) were incubated with FC block solution (24G2 super-
natant with 2% rat and 2% mouse serum). Cells were incubated with PE-
conjugated 2W1S::I-AP MHCII Tetramer for 1 h. Cells were washed with 2%
FBS in 1x PBS and stained with the following antibodies: B220, F4/80, CD11b,
CD11c¢ (Tonbo Biosciences); CD4 (Alexa700; eBioSciences); CD8 (Pacific Or-
ange; Thermo Fisher), CD44 (Pe-Cy7; Tonbo Biosciences), CD69 (eFluor 450;
Thermo Fisher); CD62L (eBioSciences); CD27 (APC; Thermo Fisher), KLRG1
(BV605; BioLegend), CD103 (PE; BioLegend), CD101 (APC; BD Horizon), LFA-1
(PE; BioLegend), P2X7 (PE; BD Biosciences), and ARTC2 (APC; Novus Biolog-
icals). Cells were fixed (2% paraformaldehyde in 1x PBS) for 20 min. Cells
were then washed and spun as previously described. Samples were analyzed
via flow cytometry using BD LSR Fortessa (BD Biosciences), and data were
analyzed via FlowJo software (TreeStar). Comparison of datasets were per-
formed using a Mann-Whitney U test and are displayed as SEM.

Parabiosis. Parabiosis was conducted as previously described (58). Briefly,
8-wk-old female C57BL/6J and B6CD45.1 Pep Boy mice were purchased
from The Jackson Laboratories. C57BL/6) mice were immunized on day 0 with
2.5 x 10° cfu BRD509-2W1S intravenously. On day 30, mice were given a sec-
ondary immunization (boost) 2.5 x 10° cfu BRD509-2W1S intravenously. Immu-
nized mice were cohoused with naive mice for 2 wk before surgical joining
on day 60. Parabionts remained together for 28 d and were then surgically
separated. Separated parabionts were allowed to recover for 2 wk before i.v.
challenge with virulent bacteria (1 x 103 cfu SL1344 i.v.). Organs were harvested,
and bacterial burdens were quantified as stated above.

Isolation, Enrichment, and Adoptive Transfer of Lymphocytes. Before organ
harvesting, donor mice were perfused intracardially and via the portal vein
with RPMI-1640 medium (no phenol red) supplemented with 5% (vol/vol) FCS.
Spleen and liver, and in some experiments MLNs and bone marrow (left
femur) were harvested and pushed through a 70-um cell strainer. Red blood
cells were lysed. Liver single-cell suspensions were taken up in 35% isotonic
Percoll and centrifuged at 2,000 x g for 12 min at room temperature. Pellets
from different donor mice were pooled and a second Percoll-based enrichment
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was performed. Single-cell suspensions from either spleen or enriched liver were
incubated in RPMI-1640 medium supplemented with 5% (volivol) FCS and
100 pg/mL gentamycin for 20 min at 37 °C. Whole splenocytes (50 x 106) or liver
lymphocytes (10 x 10%) were diluted in 200 pL PBS and adoptively transferred to
either Ly5.1 or Rag2™~ x l2rg™~ recipients via the tail vein.

Nanobody-Mediated Inhibition of ARTC2. Mice were i.v. injected with 50 pg of
S+16a nanobody (39) diluted in 200 pL PBS 15 min before organ harvest.
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