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Anatomical positioning of memory lymphocytes within barrier
tissues accelerates secondary immune responses and is thought to
be essential for protection at mucosal surfaces. However, it remains
unclear whether resident memory in the female reproductive tract
(FRT) is required for Chlamydial immunity. Here, we describe
efficient generation of tissue-resident memory CD4 T cells and mem-
ory lymphocyte clusters within the FRT after vaginal infection with
Chlamydia. Despite robust establishment of localized memory lym-
phocytes within the FRT, naïve mice surgically joined to immune
mice, or mice with only circulating immunity following intranasal
immunization, were fully capable of resisting Chlamydia infection
via the vaginal route. Blocking the rapid mobilization of circulating
memory CD4 T cells to the FRT inhibited this protective response.
These data demonstrate that secondary protection in the FRT can
occur in the complete absence of tissue-resident immune cells. The
ability to confer robust protection to barrier tissues via circulating
immune memory provides an unexpected opportunity for vaccine
development against infections of the FRT.

female reproductive tract | CD4 T cells | Chlamydia

Naïve CD4 T cells circulate through lymphoid tissues and
blood until an infection initiates lymphocyte clonal expan-

sion and the acquisition of specific effector function (1, 2). Ex-
panded effector CD4 T cells access inflamed or infected tissues
where they regulate pathogen control and coordinate tissue re-
pair (3, 4). In the aftermath of this host response, an elevated
frequency of memory CD4 T cells returns to circulation, and a
discrete population of noncirculating memory lymphocytes is
retained within the tissues (5, 6). For many barrier tissues, the
noncirculating tissue-resident memory T cells (TRM) are critical
for the rapid deployment of secondary immune responses upon
pathogen reexposure (6–11). The female reproductive tract
(FRT) is a barrier tissue that is thought to depend heavily on
TRM since it regularly encounters pathogens but lacks organized
lymphoid tissues (12).
The lack of organized lymphoid structures during steady-state

and the immunologically restrictive nature of the FRT makes
establishing immunity in this mucosal tissue a complex process.
In certain contexts, lymphocytes as well as circulating antibody
cannot easily enter the FRT mucosa (9, 10), suggesting that
protective immune memory is contained within the tissue itself.
Indeed, previous reports document the establishment of resident
memory lymphocytes and mucosal antibody secretion as two
important local protective mechanisms (7, 9, 13). Memory lym-
phocyte clusters (MLCs) are lymphoid structures that form at the
interface of the FRT epithelium and lamina propria and consist
of memory T cells and antigen presenting cells (13). Upon sec-
ondary infection, these MLCs can efficiently recruit effector cells
in a CD4 T cell–dependent manner to clear FRT infections (9,
13). Thus, the generation of FRT MLCs is thought to be an
important prerequisite for the development of new vaccines
against important reproductive tract pathogens.
A confusing aspect of this model is the observation that dis-

tal mucosal immunization in the lung can often induce local

immunity in the FRT. It is not yet clear whether such distal
immunization induces seeding the FRT with TRM, formation of
MLCs, and/or secretion of local antibody (14, 15). An alternative
hypothesis is that distal immunization generates circulating mem-
ory responses that are recruited to the infected FRT and mediate
pathogen clearance in the absence of TRM or MLCs (15, 16).
In this study, we examined whether local or distal immuniza-

tion with the bacterial pathogen Chlamydia muridarum (Cm) is
protective against intravaginal (I.Vag) challenge with Chlamydia.
Our data reveal that CD4 TRM efficiently populate the FRT and
that MLCs are generated after local, but not distal, immuniza-
tion. Using parabiosis, we demonstrate that the establishment of
local resident memory lymphocytes in the FRT is dispensable for
protective immunity. Indeed, circulating immunity induced lo-
cally or distally was completely sufficient for protection against
local infection and FRT pathology. The depletion of lympho-
cytes revealed that local control of protection was mediated by
circulating memory CD4 T cells.

Methods
Mice. C57BL/6micewere purchased fromThe Jackson Laboratory at 8 to 16wk
of age and housed under specific pathogen-free conditions. All animal
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experiments were approved by the Institutional Animal Care and Use Com-
mittee at University of California (UC) Davis.

Bacterial Infection. Mice were synchronized by subcutaneous injection of
2.5 mg Depo provera 7 d prior to I.Vag infection. Cm was purchased from
American Type Culture Collection and propagated using established culture
conditions (5, 6). For I.Vag infections, 105 inclusion forming units (IFU) of Cm
was suspended in 5 uL SPG buffer and pipetted into the vagina. For intra-
nasal (IN) infection, 105 IFU of Cm (in 20 μL SPG buffer) was pipetted into the
nasal cavity of anesthetized mice.

Enumeration of Bacteria. Chlamydia bacterial burden was measured by
cervico-vaginal swabbing and culture. Vaginal swabs were placed in 500 μL
SPG buffer with glass beads and disrupted for 5 min. Serial dilutions were
generated from swab supernatants and subsequently plated on HeLa229
monolayers. Infected cells were fixed with methanol and stained using a
primary mouse anti-Chlamydia Major Outer Membrane Protein antibody
that was a kind gift from the Caldwell laboratory. Antibody-stained HeLa
cells were further incubated with a goat, anti-mouse, fluorescein iso-
thiocyanate (FITC)-conjugated IgG secondary antibody and IFU enumerated
using a Keyence microscope.

ELISPOT Assays. Enzyme-linked immune absorbent spot (ELISPOT) plates
were prepared using the Mouse Interferon Gamma ELISPOT Kit from BD,
following the manufacturer’s protocol. Single cell suspensions were pre-
pared from tissues and labeled for negative selection with Miltenyi Biotec
CD4 selection kits. Cells from the FRT underwent a second round of positive
CD4 selection to remove epithelial cell contamination. CD4 T cells were
routinely isolated to 80 to 90% purity using this approach. After column
enrichment, 105 splenocyte cells or all the recovered FRT cells (105 or less)
were plated into precoated ELISPOT plates and incubated overnight with
medium, heat-killed elementary bodies (HKEBs), heat-killed Salmonella
typhimurium, or anti-CD3/CD28 (5 μg/mL and 1 μg/mL). Plates were subse-
quently washed with 0.5% PBS–Tween and stained with detection antibody
and a horseradish peroxidase (HRP)-conjugated antibody. After the final
wash, AEC substrate was added to wells and spots counted using an AID
ELISPOT Reader (Autoimmune Diagnostika).

ELISAs. 5e5 IFU of heat-killed Cm was coated onto a 96-well enzyme-linked
immunosorbent assay (ELISA) plate (Corning Costar) with PBS and incubated
overnight at 4 °C. Serum was diluted 1:10,000 for the IgG ELISA, and 1:10 for
IgA ELISA. Vaginal lavage (VL) samples were diluted 1:10. All samples were
serially diluted 1:2. Plates were washed three times with 0.05% PBS–
Tween20 (PBST), and then 0.5% bovine serum albumin (BSA) was incubated
on the plate for 1 h at room temperature (RT) to block nonspecific binding.
Diluted serum or VL samples were added to plates after blocking and in-
cubated for 2.5 h at RT. Plates were then washed four times with PBST, and
anti-mouse IgA-biotin (eBioscience) or anti-mouse IgG-biotin (eBioscience)
diluted 1:500 was added to plates and incubated for 1 h at RT. Plates were
washed four times with PBST and then incubated with avidin-HRP (eBio-
science Ready-Set-Go) for 30 min at RT. Plates were washed again, and then
3,3′,5,5′-tetramethylbenzidine (TMB) substrate was added for 15 min and
stopped with sulfuric acid.

Serum Transfers. Cm-immune or naïve mice were bled, and serum was col-
lected. For passive immune serum transfer, mice were injected intraperito-
neal (i.p.) with 200 μL serum diluted up to 500 μL in PBS every 3 d. For I.Vag
serum transfers, mice were given 20 μL immune serum or naïve serum
pipetted directly into the vaginal vault.

Flow Cytometry. Intravascular lymphocyte staining was performed by
injecting 3 μg/μL antibody specific for CD45 or CD90 into the tail vein of mice
3 min prior to euthanasia. Single cell suspensions were blocked using 24G2
antibody 10 to 30 min prior to antibody staining. Antibodies used in this
study include APC: CD11b, CD11c, F4/80, B220 CD44, and CD4; FITC: CD62L,
CD11b, CD11c, F4/80, B220, CD69, and CD4; AF700: CD4 and CD44; PEcy7:
CD44; PerCP EF710: CD90.2 and CD8; BV650: CD45.1 and CD45.2; EF450:
CD69 and CD3; PE Texas Red CD62L; PE: P2RX7, CD11b, CD11c, F4/80, and
B220; and APC EF780: CD11b, CD11c, F4/80, and B220. Samples were ana-
lyzed on a BD LSR Fortessa or FacsSymphony, and results were analyzed
using FlowJo software.

Lymphocyte Isolation. Spleens were processed as previously described (6). FRTs
were initially diced into small tissue pieces before being digested in 25-mL

flasks containing collagenase IV in 5% RPMI medium. FRTs were disrupted
for 1 h and then strained carefully to remove any larger tissue clumps. FRT
lymphocytes were subsequently isolated from these suspensions using 44
and 67% Percoll gradients.

Parabiosis. Mouse parabiosis was performed, as previously described (6).
Briefly, CD45.1 mice were infected with Cm intravaginally and allowed to
completely resolve the primary infection and develop memory responses for
∼2 mo. These CD45.1-immune mice were then surgically joined to CD45.2-
naïve mice and monitored carefully to ensure successful surgery and wound
healing. Similarly, naïve mice were surgically joined to other naïve mice and
referred to as “surgery controls.” The blood of all cojoined mice was
assessed after 12 to 14 d of parabiosis to confirm that blood chimerism had
occurred. Following successful parabiosis, surgery was reversed, and sepa-
rated mice were rested for 2 wk before further experimentation. Parabionts
(both naïve and memory) were infected intravaginally with Chlamydia and
bacterial shedding was examined, as described above. In all protection ex-
periments, groups of naïve and immune mice that had not undergone sur-
gery were also infected as controls.

Histology. The entire reproductive tract was harvested from female mice and
frozen in optimal cutting temperature (OCT) on dry ice. Tissue blocks were
sectioned on a Leica CM3050S cryostat at 10-μm thickness and sampled at 50-
μm intervals throughout the tissue. Slides were fixed in ice-cold acetone and
frozen at −80 °C until stained. For staining, slides were thawed and rehy-
drated in PBS before 5% BSA was used to block for 30 min. Slides were
subsequently stained with anti-mouse CD4 PE/Dazzle (clone RM4-5, Biol-
egend) for 2 h before being washed in PBS and counterstained with DAPI.
Slides were imaged using a Leica SP8 stimulated emission depletion (STED)
3X microscope using stitching of 1,248 μm × 1,248 μm images to achieve an
image of the entire reproductive tract section. To enumerate clusters in
reproductive tract tissues, ImageJ software was first used to mask and cal-
culate the area of DAPI staining for each tissue section. Another investiga-
tor, blinded to treatment groups, counted the number of CD4+ clusters with
a minimum radius of 75 μm in each tissue section. The area of DAPI for each
tissue section was extracted, and the cluster number per tissue was divided
by the DAPI area of each tissue. This method was used to account for vari-
ation in the area of tissue sections.

Histopathological Analysis. Naïve or infected mice were sacrificed at 30 d
postsecondary infection by carbon dioxide asphyxiation and cardiac exsan-
guination. The FRT (ovary, oviduct, uterus, cervix, and vagina) was immer-
sion fixed in 10% neutral buffered formalin. Fixed tissues were embedded in
paraffin, sectioned 5-μm thick, and stained with hematoxylin and eosin.
Histopathologic evaluation was performed by a board-certified veterinary
anatomic pathologist after masking and randomization of samples. Samples
were evaluated for the presence and severity of acute inflammation, chronic
inflammation, erosion, dilation, and fibrosis. Acute inflammation was de-
fined by neutrophilic infiltration and edema. Chronic inflammation was
defined by lymphohistiocytic infiltration. Erosion was defined by the loss of
mucosal epithelial cells, with or without breach of the basement membrane.
Dilation was defined by distention of the lumen. Fibrosis was defined by
either an increase in fibroblasts or an increase in collagenous connective
tissue. Parameters were evaluated using an ordinal scoring system based on
lesion severity and distribution on a 0- to 4-point scale.

Lymphocyte Depletion. A total of 300 μg Anti-CD4 clone GK1.5 and Isotype
control antibody clone LTF2 antibodies (Bio X Cell) were administered to
mice i.p. every 3 to 4 d beginning 4 d prior to secondary infection and
ending 18 d postinfection.

Statistics. Statistical analysis was performed by using an unpaired t test for
normally distributed continuous variable comparisons and a Mann–Whitney
U test for nonparametric comparisons (Prism; GraphPad Software, Inc.).
Graphical figures were made using Biorender (https://biorender.com/).

Results
Chlamydia-Specific CD4 TRM Populate the FRT after Local Infection
with Chlamydia. To determine whether CD4 TRM are generated
after I.Vag exposure to Cm, C57BL/6 mice were infected with
105 IFU Cm and reproductive tract tissues examined 65 d later.
There was an obvious increase in the percentage of antigen-
experienced effector CD4 T cells (CD44hi CD62L−) in the re-
productive tract, and most of these cells expressed phenotypic
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markers of tissue-resident memory (CD69+ P2RX7+) (Fig. 1 A
and B). The absolute number of CD4 T cells in the FRT in-
creased markedly after Chlamydia infection, and much of this
increase was due to an increase in resident memory cells (Fig.
1B). IFN-γ ELISPOT analysis confirmed that CD4 T cells in the
FRT and spleen were reactive to Chlamydia HKEBs (Fig. 1 C
and D). Thus, Chlamydia-specific CD4 TRM populate the FRT of
C57BL/6 mice after the resolution of I.Vag Cm infection.

Circulating Immunity Is Sufficient for Secondary Protection against
Chlamydia Infection. Next, we used parabiosis surgery to examine
whether these noncirculating memory cells were essential for
immunity to secondary Chlamydia infection. Cm-immune (CD45.1)
mice were surgically joined to congenic (CD45.2)-naïve mice and
subsequently surgically separated after a period of shared circulation

(Fig. 2A). Successful parabiosis was confirmed by monitoring
CD45.1- and CD45.2-expressing CD4 T cells in peripheral blood
(Fig. 2 C, Left). Intravenous injection of CD90.2 antibody prior to
tissue harvest confirmed that very few memory cells within the FRT
are exposed to blood circulation in Cm-immune mice (Fig. 2B). As
expected, the FRT of paired surgery control mice contained a 50:50
mix of IV-negative host and donor CD4 T cells expressing CD69
(Fig. 2D). Similarly, naïve parabionts had a mix of host and donor
CD4 T cells (Fig. 2D), indicating efficient movement of donor im-
mune memory cells into the FRT of naïve partners. In marked
contrast, immune parabionts displayed a higher proportion of host
CD4 TRM within the FRT (Fig. 2 C and D). Thus, efficient chi-
merism occurs in the blood, but not the FRT, of parabiont-immune
mice, consistent with previous reports (7). As expected (Fig. 1),
CD4 TRM in the FRT of immune mice displayed high surface levels

Fig. 1. Chlamydia-specific CD4 TRM form in the FRT after I.Vag Chlamydia infection. Mice were infected I.Vag with 105 IFU of Cm and euthanized after 50 to
65 d, weeks after the infection has cleared. (A) Flow plots of CD44hi CD62Llo CD4+ memory T cells and CD69+ P2RX7+ CD4+ TRM in the FRT. (B) Quantification
of percentage and number of CD4 T cells, CD4 memory T cells, and CD4 TRM. (C) ELISPOT analysis of Cm-specific CD4 T cells in the spleen (Top) and FRT
(Bottom) and (D) quantification. Significant differences were calculated using a Mann–Whitney U test. Data are means ± SE; *P < 0.5. n = 3 to 4 mice per
group; data are representative of two experiments.
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of CD44 and CD69 (Fig. 2 C, Right, and Fig. 2D). Intriguingly,
circulating cells from the immune parabiont that entered the FRT
of the naïve parabiont also expressed high levels of CD69
(Fig. 2 C and D).
This parabiosis approach allowed for the generation of mice

with equivalent circulating memory but disparate FRT memory
populations. After vaginal Cm challenge, all naïve and surgery
control mice displayed high levels of bacterial shedding from the
reproductive tract over 14 d (Fig. 2E). In marked contrast, im-
mune parabionts successfully resisted secondary infection, dem-
onstrating the presence of robust protective memory within the
FRT (Fig. 2E; red triangles). Surprisingly, naïve parabionts also

displayed a robust protective response to secondary infection of
the FRT, with almost no bacterial shedding (Fig. 2E; blue tri-
angle). Thus, circulating memory transferred to naïve mice during
parabiosis was fully sufficient to protect mice from Chlamydia
infection of the FRT.

MLCs Are Not Required for Local Protection against Chlamydia.
Clusters of lymphocytes and APCs, termed MLCs, correlate
with protection against herpes simplex virus infection of the lower
reproductive tract (13). It has been hypothesized that similar
clusters form after Chlamydia infection and are essential for sec-
ondary protection (12). Thus, MLC formation was measured in

Fig. 2. Circulating memory is sufficient for protection against I.Vag Chlamydia challenge. Mice were infected I.Vag with 105 IFU of Cm and joined by
parabiosis to naïve congenic, age-matched recipients after 6 wk. Two weeks later, mice were surgically separated and rested for another 2 wk. Mice were
rechallenged with Cm or euthanized for flow analysis. (A) Schematic of experimental setup. (B) Example of intravenous labeling of lymphocytes in the blood.
(C) Flow plots showing chimerism in the blood but not FRT of CD45.1+ immune parabionts. (Left) CD45.1-positive and -negative cells in the blood of par-
abionts. (Right) Example gating strategy for gating on CD69+ CD44HI host and donor cells in parabiont FRTs. (D) Quantification of host and donor TRM in
parabiont FRTs. (E) Bacterial shedding of Cm from the reproductive tract of parabionts following secondary infection. Significant differences were calculated
using a Mann–Whitney U test (D) and two-way ANOVA (E). Data are means ± SE (D) or SEM (E); **P < 0.01, ****P < 0.0001. n = 3 to 4 mice per group; data are
representative of two experiments.
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immune and naïve parabiotic mice by staining tissue sections for
CD4 T cells across the whole FRT (Fig. 3). MLCs (with a mini-
mum radius of 75 μm) were enumerated in randomized sections
by a blinded investigator (Fig. 3B). As expected, numerous MLCs
were identified in the FRT of immune parabionts but were absent
from the FRT of surgery control mice (Fig. 3C). Similarly, there
were no MLCs detected in the FRT of naïve parabiont mice
(Fig. 3C) despite the fact that these mice resist vaginal infection
with Chlamydia (Fig. 2E). Thus, transfer of immunity via parabi-
osis does not lead to MLC formation, and therefore MLCs are not
essential for protection against local Cm infection.

Distal Mucosal Immunization with Cm Protects against Infection and
Pathology in the FRT. IN exposure to live Cm protects mice against
subsequent vaginal challenge; however, the degree of protection
against bacterial load and pathology remains unclear (17). To
compare protection in the FRT after local and distal immuni-
zation, mice were immunized intranasally or intravaginally with
live Cm and challenged intravaginally. Distal immunization gen-
erated similar robust protection as observed with local immuni-
zation (Fig. 4A). To determine whether IN immunization with live
Cm was capable of limiting upper reproductive tract (URT) pa-
thology, uninfected, intranasally immunized and intravaginally
infected mice, and mice that were only intravaginally infected were
submitted for pathology scoring. All mice were euthanized for
pathological analysis 30 d after I.Vag challenge. As expected,
uninfected mice did not have high histopathological scores of their
reproductive organs (Fig. 4 B and C). Mice infected vaginally as a
positive control developed severe composite lesion histopathology
scores of the uterine horns and oviducts (Fig. 4 B and C). In
contrast, mice that were immunized intranasally before Cm chal-
lenge displayed significant protection against URT pathology
(Fig. 4 B and C). Thus, IN immunization is highly protective
against local Chlamydia-induced infection and pathology of
the FRT.

Local Protection against Cm Is Mediated by Circulating Memory CD4
T Cells. Since parabiosis experiments demonstrated that circu-
lating immunity is sufficient for local protection (Fig. 2E), we

hypothesized that protection generated by distal immunization is
also mediated by circulating immunity. To examine this possibility,
we compared the generation of Cm-specific CD4 T cells in the
spleen and FRT after IN or I.Vag immunization using ELISPOT.
While Cm-specific CD4 T cells were detected in the spleen after
either IN or I.Vag immunization, only I.Vag immunization gen-
erated Cm-specific CD4 T cell seeding of the FRT (Fig. 5A).
Thus, IN immunization provides protection without generating
FRT CD4 TRM. To test whether circulating CD4 T cells provide
local tissue protection after distal immunization, we depleted
CD4+ lymphocytes from intranasally immunized mice (Fig. 5B)
before I.Vag challenge with Chlamydia (Fig. 5C). CD4-depleted
mice displayed elevated bacterial shedding from the FRT com-
pared with isotype control mice, demonstrating that CD4 T cells
provide circulating immunity in intranasally immunized mice
(Fig. 5C). Increased local and systemic Cm-specific antibody re-
sponses were detected after IN immunization (SI Appendix, Fig.
S1A), but passive transfer of immune serum transfer failed to af-
fect infection of the FRT (SI Appendix, Fig. S1C). Transfer of
immune serum into the vaginal vault of mice on the same day as
vaginal infection completely blocked Cm infection (SI Appendix,
Fig. S1B), but this effect was rapidly lost if immune serum transfer
was delayed by 1 d (SI Appendix, Fig. S1B). Thus, immediate
encounter with mucosal antibody can prevent Chlamydia infection
but has no effect after infection has commenced. These data show
that circulating CD4 T cells generated by distal mucosal immu-
nization are required to control Chlamydia infection locally in
the FRT.

Discussion
Tissue-resident memory cells have been shown to play a vital role
in protection in models of genital infection (7, 9, 11, 13, 14),
leading to the generalization that TRM protect barrier tissues. In
marked contrast, our data demonstrate robust pathogen control
within the FRT that is independent of TRM. While efficient gen-
eration of TRM and MLCs occurs in mice that resolve primary
Chlamydia infection, this is not a requirement for protection
against local mucosal infection. Using two different experimental
models (parabiosis and IN immunization), we find solid protection

Fig. 3. MLCs form in the FRT after Cm infection but are not required for protection. FRTs from parabionts were frozen, sectioned, and stained with DAPI and
Pe Texas Red for CD4+ cells. (A) Areas of tissue sections were masked based on DAPI staining and calculated using ImageJ. (B) Clusters of CD4 T cells were
counted by eye and divided by the area of DAPI staining. (C) Clusters per area averaged per mouse. Significant differences were calculated using a
Kruskal–Wallis test and two-way ANOVA (C). Data are means ± SE; *P < 0.5. n = 3 mice per group; data are representative of one experiment.
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of the FRT in the absence of local TRM or MLCs. Instead, local
protection is provided by circulating memory CD4 T cell responses
that are induced elsewhere. This finding is important for two
reasons. First, it validates the historical and ongoing examination
of immune memory within the peripheral blood of patients with
current or previous genital tract infection in the search for

correlates of protection. Second, it suggests that vaccine devel-
opment against vaginal infection may not necessarily require in-
duction of local tissue memory responses and traditional parenteral
immunization could be sufficient.
Although our data show that Chlamydia infection of the FRT

induces strong circulating memory responses, it is also clear that

Fig. 4. Protection against FRT infection and pathology after IN immunization with Cm. Mice were intranasally immunized with 105 IFU of Cm and then
challenged intravaginally 47 d later. (A) Bacterial shedding measured by vaginal swabs. Significant differences were calculated using a two-way ANOVA. To
determine protection against FRT pathology, mice were immunized intranasally with 105 IFU of Cm or left unimmunized and challenged 42 d later with the
same dose intravaginally. A total of 30 d after the secondary challenge, mice were analyzed for FRT pathology. Uninfected mice were included as controls. (B)
Example images of H&E staining of mouse uterine tissue at 20× magnification. (C) Composite lesion pathology scores of uterine and oviduct tissues. Sig-
nificance between groups was calculated using a Mann–Whitney U test. Data represent one experiment with n = 4 mice per group. Data are means ± SE; *P <
0.5, **P < 0.01. H&E, hematoxylin and eosin; NS, not significant; p.i., postinfection.

Fig. 5. Protection after IN immunization is dependent on CD4 T cells. Mice were intranasally or intravaginally immunized with 105 IFU of Cm, and CD4 T cells
from FRTs and spleens were analyzed 56 d later by ELISPOT for IFN-γ secretion after Chlamydia stimulation. (A) Number of Cm-specific CD4+ T cells in the
spleen and FRT of mice from all groups. Significance between groups was calculated using a Mann–Whitney U test. To test the requirement of circulating CD4
T cells for controlling secondary infection, mice were immunized intranasally with 104 IFU of Cm and rechallenged I.Vag with 106 IFU 93 d later. Mice were
treated with anti-CD4 antibody or isotype control antibody beginning 4 d prior to secondary challenge and through day 18 postinfection. (B) Example flow
plots of B220+ and CD4+ cells in the blood of anti-CD4– and isotype control–treated mice 5 d postinfection. (C) Bacterial shedding curve of secondary in-
fection. Significant differences between groups were calculated using a two-way ANOVA. Data are means ± SE (C); ****P < 0.0001. p.i., postinfection.
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natural Chlamydia exposure generates a strong TRM response
and the formation of MLCs. While these local memory responses
are not essential for protection, it seems likely that they participate
in secondary immune responses. Indeed, the presence of local TRM
may be more critical in viral infection models due to the faster
replication rate of some viruses (herpes simplex virus, 4 to 12 h)
(18) compared with Chlamydia (48 h) (19). We suggest that the
nature of the pathogen might dictate the need for this specialized
layer of poised immunity at barrier tissues rather than there being a
general requirement for TRM in barrier defense. The longevity of
different memory populations is not directly addressed by our study
but may be a critical variable. While circulating memory responses
can decline over time, our previous study demonstrated a robust
elevated population of Chlamydia-specific CD4 T cells in second-
ary lymphoid organs 352 d after primary infection (5). Future
studies will be needed to examine whether antigen or bacterial
persistence affects the maintenance of this memory pool.
Circulating immunity induced after IN immunization consisted

of both antigen-specific CD4 T cells and IgG antibodies, and
recent studies point to an important role for antibody in Chla-
mydia protection (20, 21). Local secretion of Cm-specific IgG
was detected in the FRT after IN immunization, and the injec-
tion of serum into the vaginal vault efficiently blocked infection.
These data support the idea that antibody is an important compo-
nent of barrier defense against reproductive tract pathogens.
However, depletion of CD4 T cells eliminated almost all of the
protective effect of circulating memory, suggesting that circulating
T cells are the critical limiting factor in Chlamydia immunity. We
propose a model in which antibodies secreted luminally may
sometimes be sufficient to efficiently block Chlamydia attachment
or entry into the vaginal epithelium and eliminate infection.

However, if this initial barrier defense fails, recruitment of
circulating CD4 T cells will be required to control the estab-
lished infection within the FRT. It is currently unclear whether
the antibody secreted in the FRT mucosa after IN immuniza-
tion is derived from serum antibody or from plasma cells within
the FRT. This should be a focus of future studies since it may
be critical for vaccine development. While our data demon-
strate a CD4-dependent mechanism of Chlamydia protection,
the precise mechanism of CD4-mediated immunity within the
FRT is an enigma. While IFN-γ–mediated induction of cell
intrinsic defense mechanisms (22, 23) or cytotoxic killing of
infected epithelial (24) seem likely possibilities, this will also
require more detailed analysis of CD4 effector function within
the FRT.
In summary, our data show a surprising capacity of circulating

memory CD4 T cells to efficiently protect against one of the
most common human pathogens to infect mucosal surfaces. This
capacity to disconnect protection from TRM and MLC formation
is encouraging since it suggests a roadmap to successful vacci-
nation without the need for encouraging local tissue-specific
adaptations that may be more difficult to induce.

Data Availability. All study data are included in the article and/or
SI Appendix.
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